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MONDAY,  FEBRUARY  4, 1985 
NEW  MEXICO  ROOM 

7:50-8.-00  AM  OPENING  REMARKS 

Daniel  Ehrlich,  Chairman 
MIT  Lincoln  Laboratory 

8.-00-9:30  AM  SESSION  I 

J.  Greene,  Presider 
University  of  Illinois  at  Urbana 

8.-00  AM  MAI 

Ion-Enhanced  Processes  in  Etching  of  Silicon,  T  M.  Mayer. 
M.  S.  Ameen,  E  L.  Barish.  D  J.  Vithavage.  T  Mizutam.  U. 
North  Carolina.  A  case  study  of  the  ion-enhanced  etching 
of  silicon  by  chlorine  is  reviewed  as  a  prototype  for  a  class 
of  ion-enhanced  etching  reactions.  Aspects  of  reactant  ab¬ 
sorption.  surface  modification  by  ion  mixing,  product  for¬ 
mation,  and  product  removal  from  the  surface  are  ad¬ 
dressed.  < Invited  Paper) 

8:30  AM  MA2 

Influence  of  Ion  Bombardment  on  Etching  Reactions, 

Harold  F.  Winters,  John  W  Coburn,  IBM  Research  Labora¬ 
tory.  This  paper  shows  how  experimental  data  on  the  etch¬ 
ing  of  several  materials  fits  inio  a  conceptual  framework 
which  is  believed  to  be  a  general  description  of  a  variety  of 
etching  reactions.  (Invited  Paper ) 

9£0  AM  MA3 

Study  on  the  Mechanism  of  Ion-Assisted  Etching,  F.  H.  M. 

Sanders,  Philips  Research  Laboratories.  The  Netherlands. 
The  reaction  of  silicon  with  chlorine  under  simultaneous 
exposure  to  an  argon-ion  beam  has  been  studied  using 
mass  spectrometry  combined  with  time-of-flight  tech¬ 
niques  (Invited  Paper) 

SANTA  FE  ROOM 

9:30-1000  AM  COFFEE  BREAK 


NEW  MEXICO  ROOM 

KMX)  AM-12tt)  M  SESSION  II 

D.  Flamm,  Presider 
AT&T  Bell  Laboratories 

lOrtO  AM  MB1 

Energy  Distributions  of  Electronically  Excited  Molecules 
Produced  by  Ion  Bombardment  of  Silicon,  R.  Walkup, 
Phaedon  Avouris,  IBM  T.  J.  Watson  Research  Center.  Op¬ 
tical  studies  and  model  calculations  of  energy  distributions 
of  molecules  produced  by  ion  bombardment  of  silicon  are 
used  to  determine  the  sputtering  mechanism. 


MONDAY,  FEBRUARY  4, 1985— Continued 

10:20  AM  MB2 

Mechanistic  Studies  of  Low-Enhanced  Etching  of  Elec¬ 
tronic  Materials  by  Modulated- Beam  Mass  Spectrometry, 

M.  Balooch,  D.  R.  Olander,  W.  J.  Slekhaus,  U.  California, 
Berkeley. 

10:40  AM  MB3 

Simultaneous  Exposure  of  SiO,  and  ThF.  to  XeF,  and 
Energetic  Electrons,  M.  A.  Loudiana.  J.  T.  Dickinson, 
Washington  State  U.  The  consequences  (sorption,  desorp¬ 
tion)  from  exposure  of  thin  films  of  SiO,  and  ThF.  to 
gaseous  XeF,  and  energetic  electrons  (100-2000  eV)  are 
examined 

11:00  AM  MB4 

Ablation  of  Organic  Polymers  by  UV  and  Visible  Radiation: 
A  Theoretical  Approach,  Barbara  J.  Garrison.  Pennsylvania 
State  U ,  R.  Srinivasan,  IBM  T.  J.  Watson  Research  Center. 
Two  microscopic  models  which  describe  the  interaction  of 
UV  radiation  and  visible  radiation  with  organic  polymers 
will  be  described.  The  photochemical  model  for  UV  radia- 
lion  predicts  cleanly  etched  pits  which  exhibit  no  melting. 

11:20  AM  MBS 

Laser  Interferometry  and  Laser-Induced  Fluorescence 
Studies  of  Laser  Etching,  R.  W.  Dreyfus.  R  Walkup,  J.  M. 
Jasinski,  IBM  T.  J.  Watson  Research  Center.  We  report  LIF 
measurements  of  energy  distributions  of  atoms  and  mole¬ 
cules  produced  during  excimer  laser  ablation.  Results  are 
correlated  with  interferometric  measurements  of  plasma 
density. 

11:40  AM  MB6 

Direct-Writing  In  Self-Developing  Resists  Using  Low- Power, 

cw,  UV  Light,  J  E.  Bjorkhoim,  L.  Eichner,  J.  C.  White,  R.  E. 
Howard,  AT&T  Bell  Laboratories;  H.  G.  Craighead,  Bell 
Communications  Research  Direct  writing  of  micron-sized 
features  in  self-developing  photoresists  is  demonstrated 
using  less  than  1  mW  of  cw  UV  light  at  257  nm.  No  thresh¬ 
old  for  self  development  is  observed. 


NEW  MEXICO  ROOM 


NEW  MEXICO  ROOM 


7:30-9:30  PM  SESSION  III 

S.  Brueck,  Presider 
MIT  Lincoln  Laboratory 

7:30  PM  MCI 

Raman  Characterization  of  Catalysts,  A.  Wokaun,  A. 
Baiker,  W.  Fluhr.  M.  Meier,  S.  K.  Miller,  Swiss  Federal  In¬ 
stitute  of  Technology,  Switzerland.  Surface-enhanced 
Raman  scattering  is  emerging  as  a  powerful  tool  for 
mechanistic  investigations  in  heterogeneous  catalysis  as 
illustrated  for  reactions  of  amines  on  metallic  copper 
catalysts.  (Invited  Paper) 

&00PM  MC2 

Surface  Raman  Spectroscopy  Without  Enhancement,  Alan 
Campion,  U.  Texas  at  Austin.  Raman  spectroscopy  of 
molecules  adsorbed  on  single  crystal  surfaces  without  sur¬ 
face  or  resonance  enhancement  and  applications  in  sur¬ 
face  science  are  discussed.  (Invited  Paper) 

8:30  PM  MC3 

Surface  Coherent  Raman  Spectroscopy,  W.  M.  Hethering- 
ton,  N.  E.  Van  Wych,  E.  W.  Koenig,  Z.  Z.  Ho,  G.  I.  Stegeman, 
R.  M.  Fortenberry,  R.  Moshrefzadi,  U.  Arizona.  Surface 
coherent  Raman  scattering  has  been  performed  on  dielec¬ 
tric  surfaces  with  submonolayer  sensitivity  using  incident 
and  scattered  fields  in  the  form  of  guided  waves. 

8:50  PM  MC4 

High- Resolution  Electron  Energy  Loss  Spectroscopy  of 
Molecular  Bond  Weakening  on  Potassium  Promoted 
Ru(001),  F.  M.  Hoffmann,  R.  A.  dePaola,  Exxon  Research  & 
Engineering  Company.  Vibrational  studies  reveal  drastic 
differences  in  molecular  bondweakening  for  adsorbed 
nitrogen  and  CO  on  potassium  promoted  Ru(001).  Differ¬ 
ences  in  molecular  structure  account  for  this  behavior. 

9:10  PM  MC5 

Photophysical  Studies  of  DAQ  on  Silica  and  Aluminum  Ox¬ 
ides:  a  Molecular  Probe  of  Surface  Heterogeneity,  J.  M. 

Drake,  Exxon  Research  &  Engineering  Company.  The  elec¬ 
tronic  spectroscopic  features  of  1,4  dihydrooxyanthra- 
quinone  adsorbed  to  specific  surface  sites  of  silica  are 
strongly  perturbed  by  the  polarizable  nature  of  the  local 
surface  site  environment. 


800-9:40  AM  SESSION  IV 

K.  Wittig,  Presider 
U.  Southern  California 

800  AM  TuAI 

Photodesorption  and  Adsorbate- Surface  Interactions 
Stimulated  by  Laser  Radiation,  T.  J.  Chuang,  IBM  Research 
Laboratory.  A  review  is  given  on  laser-stimulated  surface 
processes  related  to  photodesorption,  i.e.,  surface  etching 
and  resonantly  excited  desorption  by  UV-visible  and  IR 
lasers.  (Invited  Paper) 

8:40  AM  TuA2 

Infrared  Spectral  Electrochemistry  of  Surface  Reactions,  B. 

Stanley  Pons,  U.  Utah.  In-situ  IR  vibrational  spectroscopy 
of  the  electrode/solution  interface  allows  the  study  of 
electrode-adsorbed  species  through  several  interaction 
mechanisms.  (Invited  Paper) 

9:20  AM  TuA3 

Pulsed- Laser  Atom-Probe  Study  of  H„  N„  and  NH,  Forma¬ 
tion  on  Metal  Surfaces,  T.  T.  Tsong,  C.  F.  Ai,  Wu  Liu,  Penn¬ 
sylvania  State  U.  Formation  of  H„  N„  and  NH,  on  -20 
metal  surfaces  has  been  studied.  Desorption  sites  can  be 
revealed  with  atomic  resolution  by  a  time  gating  technique. 

SANTA  FE  ROOM 

9:40-10:10  AM  COFFEE  BREAK 


NEW  MEXICO  ROOM 

10:10  AM-12:10  PM  SESSION  V 

L.  Brillson,  Presider 
Xerox  Corporation 

10:10  AM  TuBI 

Selective  Laser-Stimulated  Desorption  of  Molecules  by  In¬ 
ternal  Vibration  Excitation,  C.  Jedrzejek,  Texas  A&M  U.  Ac¬ 
counting  for  anharmonicity  of  the  internal  vibration  in  the 
LSD  internal  vibration  excitation  model  produces  larger 
threshold  photodesorption  rates  than  in  previous  theo¬ 
retical  work. 

10:30  AM  TuB2 

Time-Resolved  Kinetic  Studies  of  Molecular  Decomposi¬ 
tion  on  NK100)  Using  Laser-Induced  Desorption,  S.  J.  Bares, 
R.  B.  Hall,  Exxon  Research  8  Engineering  Company.  The 
first  application  of  laser-induced  desorption  to  the  study  of 
chemical  kinetics  on  surfaces  is  reported.  Decomposition 
studies  of  CH,OH  and  C,H,  are  described. 


TUESDAY,  FEBRUARY  5, 1985— Continued 

10:50  AM  TuB3 

Excitation  ot  Interacting  Adatoms  and  Surtaca-Drassad 
Bloch  Equation,  Jui-teng  Lin,  Naval  Research  Laboratory. 
Nonlinear  surface-dressed  Bloch  equation  of  two-level  In¬ 
teracting  adatoms  is  derived  from  a  microscopic  Hamil¬ 
tonian.  A  proposed  experimental  setup  is  analyzed. 

11:10  AM  TuB4 

Technique  tor  Measuring  Surface  Diffusion  by  Lasar-Beanv 
Localizad  Surface  Photochemistry,  H  J.  Zeiger,  D.  J. 
Ehrlich,  MIT  Lincoln  Laboratory;  J.  Y.  Tsao,  Sandia  Na¬ 
tional  Laboratories.  A  technique  has  been  developed  for 
determining  the  surface  diffusivity  of  a  weakly  bound  ad¬ 
sorbate  by  measuring  the  kinetics  of  a  spatially  localized 
laser-beam-driven  surface  photoreaction.  This  technique 
has  been  used  to  determine  the  surface  diffusivity  of  tetra¬ 
ethyl  lead  molecules  adsorbed  on  sapphire  from  data  on 
the  deposition  of  thin  flims  by  photolysis  of  these  mole¬ 
cules.  The  technique  should  be  broadly  applicable  to  the 
measurement  of  the  surface  diffusion  of  weakly  bound  or 
fragile  polyatomic  molecules. 

11:30  AM  TuB5 

Characterization  of  Photochemical  Processing,  Masatake 
Hirose,  Hiroshima  U.,  Japan.  Photochemical  etching  pro¬ 
cesses  of  SiO,  in  NF,  plus  H,  gas  and  GaAs  in  Cl,  using 
ArF  excimer  laser  by  in-situ  x-ray  photoelectron  spectros¬ 
copy.  (invited  Paper) 


NEW  MEXICO  ROOM 

7:30-9:30  PM  SESSION  VI 

F.  Pease,  Presider 
Stanford  U. 

7:30  PM  TuCI 

Recent  Experiments  on  Photolysis  for  Low  Temperature 
Epitaxy,  S.  J.  C.  Irvine,  J.  Giess,  J.  B.  Mullin,  G.  W. 
Blackmore.  O.  D.  Dossesr,  Royal  Signals  and  Radar  Estab¬ 
lishment,  U  K.  The  epitaxial  growth  of  HgTe  and  related 
materials  is  reviewed,  with  special  attention  given  to  sur¬ 
face  reactions  and  assessment  of  the  layer  quality.  (Invited 
Paper) 

8.-00  PM  TuC2 

Mechanisms  of  MOVPE  and  Routes  to  a  UV-Asststed  Pro¬ 
cess,  J.  Haigh,  British  Telecom  Research  Laboratories, 
U.K.  The  potential  use  of  UV  for  enhancement  of  MOVPE 
deposition  of  lll-V  compounds  is  considered  from  the  view¬ 
point  of  the  mechanisms  of  MOVPE.  (Invited  Paper) 


TUESDAY,  FEBRUARY  5. 1985- Continued 

8:30  PM  TuC3 

Studies  of  Laser  Chemical  Vapor  Deposition  Using  Surface 
Sensitive  IR  Photoacoustic  Spectroscopy,  G.  S.  Higashi,  L. 
J.  Rothberg,  C.  G.  Fleming,  AT&T  Bell  Laboratories.  We 
report  vibrational  spectra  of  surface  adsorbates  during  Al 
film  nucieation  on  single  crystal  sapphire  substrates  stimu¬ 
lated  by  laser  (KrF)  photodecomposition  of  trimethylalum- 
inum. 

8:50  PM  TuC4 

Laser-Induced  Selective  Deposition  of  Micron-size  Struc¬ 
tures  on  Silicon  by  Surface  Reduction  of  Tungsten  Hexa¬ 
fluoride,  Y.  S.  Liu,  C.  P.  Yakymyshyn,  H.  R.  Phillipp,  H.  C. 
Cole.  L.  M.  Levinson,  General  Electric  Research  &  Develop¬ 
ment  Center.  Selective  deposition  of  refractory  metal  and 
metal  silicide  on  silicon,  induced  by  a  focused  argon  laser 
beam,  is  reported.  Micron-size  lines  with  extremely  good 
surface  smoothness  were  observed  at  a  writing  speed  of  7 
cm/sec.  Deposition  mechanism  and  properties  of  fine 
structures  are  discussed. 

9:10  PM  TuC5 

Laser-Initiated  Dry  Etching  of  SK>„  Jack  O.  Chu,  George  W. 
Flynn,  Peter  D.  Brewer,  Richard  M.  Osgood,  Jr.,  Columbia 
U.  Photochemical  etching  of  thermally  grown  (masked) 
SiO,  on  Si  substrates  has  been  achieved  by  ArF  excimer 
laser  photolysis  of  Ch,CHF.  Infrared  fluorescence  and 
(high  vibrational  resolution)  diode  absorption  techniques 
are  employed  to  study  the  gas-phase  UV-initiated  chemical 
etching  of  SiO,. 


WEDNESDAY.  FEBRUARY  6. 1965 
NEW  MEXICO  ROOM 

*00-9:40  AM  SESSION  VII 

P.  Liao,  Presider 

Bell  Communications  Research 

8.-00  AM  WA1 

Interface  Studies  by  Optical  Second  Harmonic  Qanaration, 

Y.  R.  Shen,  (JC-Berkeley.  Applications  of  optical  second 
harmonic  generation  to  studies  of  molecular  adsorption  at 
air/solid,  liquid/solid,  air/liquid,  and  vacuum/solid  interfaces 
are  discussed.  (Invited  Paper) 

8:40  AM  WA2 

Real-Time  Monitoring  of  Surface  Reactions  on  Siflll)  by 
Optical  Second  Harmonic  Generation,  T.  P.  Heinz,  M.  M.  T. 
Loy,  W.  A.  Thompson,  IBM  T.  J.  Watson  Research  Center. 
The  technique  of  optical  second  harmonic  generation  has 
been  used  to  study  oxidation  and  Pd-silicide  formation  on 
Si(111>-7  x  7  surfaces. 

9*0  AM  WA3 

Second  Harmonic  Generation  Studies  of  Adsorption  and 
Reorientation  at  Electrode  Surfaces,  D.  F.  Voss,  M. 
Nagumo,  L.  S  Goldberg,  Naval  Research  Laboratory;  K.  A. 
Bunding,  Georgetown  U.  Second  harmonic  generation  at 
silver  and  gold  electrodes  has  been  used  to  study  the  ad¬ 
sorption  and  reorientation  of  organic  additives  in  aqueous 
solution.  Information  about  both  active  and  nonactive 
organic  species  has  been  obtained  using  this  highly 
surface-specific  technique. 

9-JO  AM  WA4 

Time-Resolved  Vibrational  Energy  Retaliation  of  Surface 
Adsorbates,  E.  J.  Heilweil,  M.  P.  Casassa,  R.  R.  Cavanagh, 
J.  C.  Stephenson,  NBS  Center  for  Chemical  Physics.  Meas¬ 
urements  of  picosecond  vibrational  population  decay  of 
chemisorbed  species  on  colloidal  silica  and  other  oxide 
surfaces  in  various  chemical  environments  are  presented. 

SANTA  FE  ROOM 

9:40-10:10  AM  COFFEE  BREAK 


WEDNESDAY.  FEBRUARY  6. 1985- Continued 
NEW  MEXICO  ROOM 

10:10  AM-12:10  PM  SESSION  VIII 

K.  Kompa,  Presider 


10:10  AM  WB1 

Survival  of  Vibrationally  Excited  Nitric  Oxide  Scattered 
from  LIF(100)  Surface:  Angular  and  Velocity  Analysis,  J. 

Misewich,  H.  Zacharias,  M.  M.  T.  Loy,  IBM  T.  J.  Watson 
Research  Center.  We  report  the  first  observation  of  vibra¬ 
tionally  excited  NO  molecules  scattered  from  freshly  cleav¬ 
ed  LiFflOO)  surface.  Final-state  selective  angular  and 
velocity  distributions  are  also  presented. 

10:30  AM  WB2 

Electroreflectance  Vibrational  Spectroscopy:  Theory  and 
Measurement  of  the  Stark  Effect  of  CO  on  NiflOO),  D  K. 

Lambert,  General  Motors  Research  Laboratories.  Electro¬ 
reflectance  vibrational  spectroscopy  (EVS)  is  used  to 
measure  the  Stark  tuning  rate  of  CO  on  Ni(l00).  The  Stark 
effect  of  adsorbate  vibrations  is  also  discussed. 

10:50  AM  WB3 

Diffusion  and  Reaction  In  Tortuous  Structures  as  Modeled 
by  Fractals,  J.  Klafter,  J.  M.  Drake,  Exxon  Research  & 
Engineering  Company.  We  model  tortuous  structures 
through  the  fractal  concept  and  study  diffusion  and  reac¬ 
tion  of  adsorbates  on  these  structures.  Results  concerning 
silica-gel  surfaces  and  Vycor-glass  are  discussed. 

11:10  AM  WB4 

Electronic  Spectroscopy  and  Relaxation  Dynamics  of  Ad¬ 
sorbates  on  Metal  Surfaces,  Phaedon  Avouris,  IBM  T  J. 
Watson  Research  Center  We  present  experimental  and 
theoretical  results  on  excited  adsorbates  on  metals.  Elec¬ 
tronic  structure  and  decay  paths  are  studied,  and  the  impli¬ 
cations  for  surface  photoprocesses  are  discussed. 

11:30  PM  WB5 

Molecule  Surface  Interaction  Dynamics  by  Laser,  Herbert 
Walther,  Max-Planck-lnstitut  fur  Quantenoptik,  F.  R.  Ger¬ 
many.  Laser-induced  fluorescence  and  resonance  ioniza¬ 
tion  in  combination  with  time-of-flight  measurements  of 
molecules  scattered  from  clean  surfaces  give  a  new  and 
complete  insight  into  the  dynamics  of  the  interaction.  (In¬ 
vited  Paper) 
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WC1 


Optical  and  Electron  Probes  of  the  Structure  ol  Surfactant 
Coated  Surfaces.  S  Garott,  R  B  Hall.  H  W  Deckman.  f  ix 
on  Research  &  Engineering  Company  We  have  studied  the 
Structure  of  monolayers  of  adsorbed  surfactant  molecules 
and  their  effect  on  the  wetting  properties  ot  the  interface 
(Poster  Paper) 


WC2 

Above-Bandgap  Polarization  Anisotropies  in  Cubic  Semi¬ 
conductors:  A  Visible- Near-UV  Probe  of  Surfaces.  D  E 

Aspnes.  Bell  Communications  Research  Above-bandgap 
polarization  anisotropies  in  the  near  normal-incidence 
reflectance  spectra  of  cubic  semiconductors  show  strong 
contributions  from  physisorbed  molecules,  microscopic 
roughness  and  anisotropic  surface  films  as  well  as  spatial 
dispersion  in  the  bulk.  I Poster  Paper) 


WC3 

UV  Laser  Photodeposition  of  Patterned  Catalyst  Films 
from  Adsorbate  Mixtures.  D.  J  Ehrlich.  MIT  Lincoln 
Laboratory;  J.  V  Tsao.  SanOia  National  Laboratories  Effi¬ 
cient  catalysts  for  hydrocarbon  polymerization  have  been 
prepared  photochemically  by  reaction  of  mixed  TiCI4  and 
Alj(CH,)t  adsorbate  layers,  in  the  scanned  focus  of  a 
257.2-nm  laser  beam  Monolayer  coverages  of  the  photo- 
deposited  catalyst  have  been  shown  effective  for  in  situ 
patterned  polymerization  of  ethylene  and  acetylene  at 
room  temperature  from  the  vapor-phase  organic 
monomers.  Three-micrometer  spatial  resolution  has  been 
obtained  in  selected-area  polymer  growth.  The  chemical 
kinetics  of  the  mixed-adsorbate  reactions  and  the  effects 
of  compositional  changes  on  the  catalytic  activity  of  the 
laser-photodeposited  films  have  been  studied.  (Poster 
Paper) 


WC4 

Chlorine  Surface  Interaction  and  Laser-Induced  Surface 
Etching  Reactions,  W  Sesselmann,  T.  J.  Chuang.  IBM 
Research  Laboratory  Laser-induced  etching  of  Si.  Ag,  and 
Ni-Fe  by  chlorine  has  been  studied  with  ESCA,  Auger 
spectroscopy,  and  mass  spectrometry;  reaction  mech¬ 
anisms  are  discussed.  (Poster  Paper) 


WC5 


Mechanism  of  Trimetylaluminum  Chemical  Vapor  Deposi¬ 
tion  Studied  by  Multiphoton  Ionization  Mass  Spectrometric 

Detection,  D  W  Squire.  C  S  Dulcey.  M.  C.  Lin.  Naval 
Research  Laboratory  Aluminum  deposition  on  a  hot  sub¬ 
strate  surface  is  studied  using  multiphoton  ionization.  CH, 
was  detected  during  deposition.  No  radical  reactions  were 
observed  under  low-pressure  conditions.  (Poster  Paper) 
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WC6 


Infrared  Laser-Induced  Photodesorption  and  Ultraviolet 
Laser-Induced  Thermal  Desorption  of  Methyl  Fluoride  from 
Poiycrystaliine  Copper,  R.  Viswanathan,  Beloit  College;  I. 
Hussla.  IBM  Research  Laboratories;  D.  R.  Burgess,  Jr.,  P.  C. 
Stair.  E  Weitz,  Northwestern  U  Results  of  CO,  laser- 
induced  photodesorption  and  KrF  excimer  laser-induced 
thermal  desorption  of  methyl  fluoride  adsorbed  on  poly- 
crystalline  copper  surfaces  under  UHV  are  presented. 
(Poster  Paper) 


WC7 


Quantum  Model  of  Dephasing-Enhanced  Laser  Desorption, 

Jui-teng  Lin.  Naval  Research  Laboratory;  Xi-Yi  Huang, 
Thomas  F.  George.  U.  Rochester  Laser-induced  rates  are 
numerically  calculated  based  on  a  rate  equation  which  in¬ 
cludes  the  anharmonicity  and  energy  and  phase  relaxation. 
A  mechanism  of  dephasing-enhanced  desorption  is  pro¬ 
posed  (Poster  Paper) 


wee 


Laser-Stimulated  Vibrational  Excitation  of  an  Adspecies 
Studied  by  a  Generalized  Master  Equation,  A  C  Beri. 
Thomas  F  George.  U.  Rochester.  Adspecies  are  shown  to 
absorb  energy  from  a  laser  and  the  solid  simultaneously 
for  short  times.  Exact  numerical  results  and  two  analytic 
approximations  are  compared.  (Poster  Paper) 


wee 

Direct  Laser  Pumping  of  Adatom-Surface  Vibrational 
Modes,  Merle  E.  Riley,  Sandia  National  Laboratories;  Den¬ 
nis  J  Diestler.  Purdue  U.  Energy  localization  in  a  laser- 
pumped  adatom-surface  bond  is  investigated  using  exact 
classical  collinear  mechanics.  Extant  theories  and  physical 
limitations  of  the  model  are  discussed.  (Poster  Paper) 


WC10 

Second  Harmonic  Generation  Spectroscopy  of  Molecules 
Adsorbed  on  Oxide  Surfaces,  N.  E.  Van  Wyck,  E.  W  Koenig. 
J.  D.  Byers,  Z.  Z.  Ho,  W.  M.  Hefherington,  U.  Arizona.  Elec¬ 
tronic  spectra  of  molecular  adsorbate  on  oxide  surfaces 
have  been  obtained  through  the  use  of  the  surface-specific 
technique  of  second  harmonic  generation.  (Poster  Paper) 


WC11 

Photochemical  Deposition  of  Sn  for  tn-SItu  Selected  Area 
of  Doping  of  MBE  GaAe  (001)  Epilayers,  Steven  P  Kowai 
czyk,  D.  L.  Miller,  Rockwell  International  Corporation.  The 
suitability  of  tetramethyltin  and  stannic  chloride  as  tin 
sources  for  in-situ  selected  area  doping  of  MBE  GaAs  was 
evaluated  by  XPS  and  AES  studies  of  their  adsorption, 
desorption,  and  UV  photolysis  characteristics.  C-V  and 
SIMS  were  used  to  characterize  the  tin  incorporation. 
(Poster  Paper) 
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WC12 

Large  Modification  of  the  Surface-Enhanced  Raman  Scat¬ 
tering  of  Pyridine  on  Ag  Surfaces  by  Pd  Submonolayers,  T. 

Lopez-Rios,  Y.  Gao,  Laboratoire  d'Optique  des  Solides, 
France  The  Raman  scattering  of  pyridine  on  quenched  or 
island  Ag  films  is  strongly  reduced  by  Pd  submonolayer 
coverages.  (Poster  Paper) 

WC13 

Doppler-Shift  Laser  Fluorescence  Spectroscopy  of  Sput¬ 
tered  and  Evaporated  Atoms  under  Argon  Ion  Bombard¬ 
ment,  W  Hjsinsky,  G.  Betz.  I.  Girgis.  Technische  Univer- 
sitat  t Vein,  Austria  By  DSLFS  the  energy  and  state  dis¬ 
tribution  of  sputtered  and  evaporated  chromium,  zircon¬ 
ium.  and  calcium  atoms  has  been  studied  as  a  function  of 
oxygen  coverage.  (Poster  Paper) 

SANTE  FE  AND  CORONADO  ROOMS 

5:30-7:30  PM  MEXICAN  BUFFET 
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9:10  PM  WD4 

Transient  Nonlinear  Laser  Heating  and  Deposition:  A  Com¬ 
parison  of  Theory  and  Experiment,  j.  a.  Goldstone,  S.  D. 
Allen,  U  Southern  California.  Transient  temperature  pro¬ 
files  and  deposition  rates  are  calculated  and  compared 
with  the  results  of  optically  monitored  laser  chemical  vapor 
deposition  experiments. 


NEW  MEXICO  ROOM 

7:30-9:30  PM  SESSION  X 

E  Wolfe.  Presider 
Cornell  University 

7:30  PM  WD1 

Atomic-Resolution  Dynamics  by  Electron  Microscopy, 

David  J.  Smith.  Arizona  State  U  Atomic-level  resolution  is 
now  directly  obtainable  with  latest  electron  microscopes: 
this  paper  will  summarize  recent  advances  and  review  ob¬ 
servations  showing  atomic  (re)arrangements  on  surfaces. 
(Invited  Paper) 

8:10  PM  WD2 

Excimer  Laser  Etching  and  Oxidation  of  Silicon,  Y.  Horiike, 
M.  Sekine.  K.  Horioka.  T  Arikado.  M.  Nakase,  H.  Okano, 
Toshiba  VLSI  Research  Center.  Japan  The  excimer  laser 
photochemical  reactions  have  been  developed  for  n •  type 
poly-Si  anisotropic  etching.  Si  selective  oxidation,  and  pat¬ 
tern  transfer  technologies  in  LSI  processings.  (Invited 
Paper) 

8:50  PM  WD3 

Effects  of  Optical  Properties  on  Wet  Etching  of  Semicon¬ 
ductors,  D  V  Podlesnik.  H.  H.  Gilgen.  C  J.  Chen.  R  M. 
Osgood,  Jr.,  Columbia  U.  We  report  on  the  effects  of  UV  il¬ 
lumination  in  wet  etching  of  Si  and  GaAs.  The  formation  of 
surface  ripples  and  drilling  of  via  holes  is  related  to  the  op¬ 
tical  properties  of  the  semiconductors. 


ION  ENHANCED  PROCESSES  IN  ETCHING  OF  SILICON 


T.  M.  Mayer,  M.  S.  Ameen,  E.  L.  Barish, 
D.  J.  Vitkavage,  T.  Mizutani 


Department  of  Chemistry 
University  of  North  Carolina 
Chapel  Hill,  NC  27514 


A  case  study  of  the  ion-assisted  etching  of  silicon  by  chlorine 
is  presented  as  a  prototype  of  a  class  of  ion-assisted  etching 
processes.  In  contrast  to  the  more  well  studied  Si-F  system,  and 
other  F  atom  etching  reactions.  Cl  etching  processes  are  much 
more  dependent  on  energetic  ion  impact  of  the  surface.  We  will 
examine  aspects  of  chlorine  adsorption  to  silicon,  sputtering  of 
adsorbed  chlorine  atoms,  incorporation  fo  chlorine  into  the 
silicon  crystal  .lattice,  and  formation  and  removal  of  SiCl„  etch 
products.  In-situ  SIMS,  ISS,  and  modulated  beam  mass 
spectrometr i  c  measur  ements,  and  post  etch  RBS  and  XF’S  analysis  of 
the  altered  surface  are  used  to  examine  the  dynamics  of  the 
etching  process  and  the  state  of  the  altered  surface  layer- 
produced  by  ion  bombardment. 

The  main  features  of  silicon  etching  by  chlorine  appear  to  be:  1) 
adsorption  of  a  stable  easily  sputtered  surface  Cl  layer,  which 
does  not  in  itself  promote  removal  of  surface  silicon  atoms;  2) 
incorporation  of  substantial  amounts  of  Cl  into  the  subsurface  Si 
crystal  by  recoil  implantation  or  enhanced  diffusion;  3) 
substantial  damage  to  the  Si  crystal  lattice  caused  by  energetic 
ion  nb  ar  cl  ment .  These  .latter  two  aspects  appear  to  be  the  key 

ingredients  in  the  formation  and  removal  of  silicon  halides  from 
the  surface. 

At  submonolayer  surface  coverage,  sputtering  of  Cl  atoms  occurs 
with  high  cross  section,  and  angle  of  incidence  dependence 
typical  of  sputtering  of  adsorbed  gases.  Contrasts  to  Si  removal 
yield  suggest  that  surface  adsorbed  Cl  is  not  effective  at 
promoting  removal  of  S  i  a  toms.  Yields  of  secondary  ions  S  i  C 1  „  ■*' , 
under  these  conditions  shows  that  silicon  halide  formation  does 
indeed  occur  even  at  very  low  surface  coverage,  but  that  it  is 
probable  due  to  ion  enhanced  mixing  effects  in  the  first  few 
atomic  layers  of  the  crystal  rather  than  surface  reactions.  Ion 
bombardment  of  a  chlorinated  Si  surface  is  shown  to  result  in 
substantial  lattice  damage  to  the  crystal  and  incorporation  of  up 
to  20  atomic  7.  Cl  in  the  first  few  atomic  layers  of  the  crystal. 
The  amount  of  lattice  damage  and  incorporated  Cl  are  shown  to  be 
dependent  on  the  ion  impact  conditions  such  as  mass,  energy  and 
angle  of  incidence.  All  of  these  aspects  demonstrate  typical  ion 
mixing  phenomena  in  the  surface  layer  of  the  sample. 


MAI- 2 


The  dynamics  product  liberation  -from  the  surface  demonstrate  that 
silicon  halide  species  are  only  weakly  bound  to  the  lattice,  but 
require  substantial  surface  alteration  to  promote  their 
formation.  Modulated  beam  experiments  show  that  under  conditions 
of  relatively  little  surface  alteration  by  ion  impact  the 
dominant  species  removed  are  the  simpler  Si,  Si  Cl,  Cl.  More 


extensive  surface  modification  promote* 
saturated  S  i  C 1  „  s  p  e  c:  i  e  s . 


■  Si  ,  Si  Cl  ,  Cl  .  More 
the  formation  of  more 


The  Influence  of  Ion  Bombardment  on  Etching  Reactions,  by  Harold  F.  Winters  and 
J.  W.  Coburn,  IBM  Research  Laboratory,  San  Jose,  California  95193. 

Summary  Abstract  Etching  involves  the  interaction  of  gaseous  species  (eg.,  XeF2)  with 
a  solid  surface  (eg.,  silicon)  to  produce  volatile  products  (eg.,  SiF4(gas)).  (For  recent 
review  papers  on  this  subject  see  refs.  1-7.)  Moreover  this  type  of  reaction  is  frequently 
enhanced  by  bombardment  with  ions,8,9  electrons,8  and  photons.10'12 

It  is  our  opinion  that  etching  is  a  consequence  of  three-dimensional  compound  growth  in 
the  surface  region  and  that  etch  products  are  generally  compounds  with  a  high  vapor 
pressure,  /  e ,  a  small  binding  energy  to  the  surface.  The  region  where  a  surface  com¬ 
pound  exists  can  be  rather  thin  (a  few  Angstroms)  or  quite  thick,  depending  upon  the 
specific  properties  of  the  solid  being  etched.  Experimental  evidence  substantiating  this 
point  of  view  will  be  presented  for  several  systems. 

An  important  question  for  understanding  plasma-assisted  etching  is,  "What  surface 
processes  convert  reactants  to  products  "  Definitive  evidence  on  this  subject  is  nonexis¬ 
tent  and  hence  the  following  discussion  is  somewhat  speculative.  It  is  our  model7  that 
etching  (i.e ,  halide  formation)  is  likely  to  be  analogous  to  oxide  formation  (i.e.,  mecha¬ 
nisms  which  lead  to  oxide-growth  at  surfaces  also  lead  to  halide  formation,  and  for 
halogens  subsequently  to  etching).  The  major  difference  between  oxidation  and  halogena- 
tion  is  that  saturated  halides  are  frequently  volatile  while  most  oxides  are  involatile.  The 
reason  for  the  close  analogy  is  that  both  halogen  and  oxygen  atoms  tend  to  form  negative 
ions  at  the  surface.  The  usefulness  of  the  analogy  is  based  on  the  assumption  that 
phenomena,  which  are  known  to  occur  in  the  well-studied  oxidation  reactions,  are  also 
likely  to  occur  in  etching  reactions. 

Mott  and  co-workers  have  laid  the  foundation  for  understanding  the  growth  of  thin  oxide 
layers,13'16  and  the  reader  is  referred  to  Ref.  17  for  a  recent  review.  At  low  tempera¬ 
tures,  electrons  are  able  to  pass  through  an  oxide  film  (eg.,  by  tunneling)  to  the  outer 
chemisorbed  layer  and  form  oxygen  anions  with  metal  cations  being  formed  at  the 
metal-oxide  interface.  The  strong  electric  field  generated  by  this  process  is  able  to  pull 
ions  through  the  film.  Fehner  and  Mott14  propose  that  the  process  can  best  be  explained 
by  a  place  exchange  mechanism,  i.e  ,  metal  and  oxygen  ions  exchange  positions  in  the 
lattice.  Linear  kinetics  are  observed,  because  the  image  force  (along  with  other  electros¬ 
tatic  forces)  pull  the  negative  oxygen  ion  toward  the  metal  which  in  turn  lowers  the 
activation  energy  for  the  process  so  that  it  is  very  small.  The  change  in  potential  energy 
due  to  the  image  force  can  approximately  equal  the  strength  of  a  metal-metal  bond, 
providing  the  distance  of  separation  between  the  metal  and  the  oxygen  is  small,  i.e.,  not 
more  than  1-2  monolayers.  For  thicker  oxides,  logarithmic  kinetics  are  often  observed. 
This  stage  is  dominated  by  an  electric-field-assisted  motion  of  either  cations  or  anions 
through  the  oxide  layer  (see  Ref.  17).  Finally,  it  should  be  noted  that  growth  of  thick 
oxide  layers  formed  by  electrochemical18  or  plasma19  anodization  processes  are  also 
believed  to  be  controlled  by  field-assisted  mechanisms. 

It  should  be  emphasized  that  oxidation,  even  for  a  pure  metal,  is  a  highly  complex 
phenomenon  which,  according  to  Dearnaley,20  depends  more  upon  solid-state  physical 
mechanisms  than  on  chemistry.  It  is  influenced  by,  among  other  things,  mechanical 
stress,  clustering,  island  formation,  nucleation  phenomena,  motion  of  anions  and  cations, 
and  the  presence  of  defects.  Etching  reactions  are  likely  to  be  just  as  complex  and  also 
strongly  dominated  by  processes  similar  to  those  involved  in  oxidation. 


Ion  (or  radiation)  enhanced  etching  fits  easily  into  this  framework.  The  mechanism 
which  the  present  authors  now  believe  is  likely  to  dominate  this  process  is  analogous  to 
mechanisms  operative  in  oxidation,  as  summarized  above.  Place-exchange  and  more 
extended  motion  of  cations  and/or  anions  lead  to  compound  formation.  These  motions 
are  exothermic  but  activated  and  hence  can  be  enhanced  by  the  field-assisted  mechanisms 
described  in  the  previous  section.  The  activation  energy  can  also  be  supplied  from  the 
collision  cascade  induced  by  ion  bombardment,  thus  enhancing  the  reaction  rate.  If  the 
compound  which  is  formed  consists  of  molecules  (ie,  saturated  halocarbons)  which  are 
weakly  bound  to  the  surface,  then  they  will  be  subsequently  desorbed  into  the  gas  phase, 
thus  producing  ion  enhanced  etching.  This  process,  where  ion  bombardment  induces  a 
chemical  reaction  which  produces  a  weakly  bound  molecule  that  desorbs  from  the  surface,  is 
called  chemical  sputtering  by  Tu  et  al.2i  Similar  ion  enhanced  reactions  have  been  observed 
in  the  growth  of  oxide  layers,  except  that  the  products  are  involatile.22*25 

In  this  paper  data  showing  the  influence  of  ion  bombardment  on  the  etching  of  Cu(100) 
with  Cl2  and  the  etching  Si  and  W (111)  with  XcF2  will  be  presented.  For  silicon  and 
tungsten  the  dominant  process  which  produces  ion  enhanced  etching  appears  to  be 
chemical  sputtering  as  described  above;  nevertheless,  the  influence  of  lattice  damage  is 
significant  for  W(lll)  and  is  also  evident  for  some  silicon  samples.  Ion  induced  detrap¬ 
ping  of  gases  such  as  WF6  and  SiF4  may  also  occur  to  some  extent.  The  etching  reaction 
is  suppressed  by  ion  bombardment  for  Cu(100). 
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A  STUDY  INTO  THE  MECHANISM  OF  ION-ASSISTED  ETCHING 


F .H .M . Sanders 

Philips  Research  Laboratories ,  5600  JA  Eindhoven, 

The  Netherlands 


During  the  last  few  years,  the  rapidly  growing  need 
for  im-assisted,  anisotropic  etching  of  a.o.  silicon  and 
its  compounds  for  VLSI  circuits,  has  stimulated  basic 
research  on  the  processes  underlying  the  largely  empirical 
etch  recipes.  part  of  the  plasma  etch  process  car  be  simu¬ 
lated  in  an  experiment,  where  the  combined  effect  of  the 
exposure  of  a  film  (Si)  to  chemically  active  gases  (XeF2, 
C12,  SF6),  and  a  low-energy  ion  beam  (Ar+)  has  been  inves¬ 
tigated.  Special  attention  will  be  paid  to  the  reaction  of 
Si  with  C12  alone,  Si(C12),  and  under  simultaneous  exposure 
to  an  Ar+  ion  beam,  Si(C12,Ar+),  as  a  function  of  the 
target  temperature  T,  the  Ar+  ion  energy  Ep,  and  the  C12 
flux  <pC  12,  using  mass  spectrometry  and  time-of-f  1  ight  anal¬ 
ysis. 

It  has  been  shown  that  exposure  of  Si  at  300  K  to  C12 
alone  does  not  result  in  an  observable  reaction  (1).  In 
reference  (2)  it  has  been  demonstrated  that  up  to  about  800 
K  the  thermal  reaction,  Si(C12),  yields  almost  exclusively 
SiC14,  see  figure  la-b.  Above  800  K,  and  specifically  at 
1000  K,  see  figure  1c,  the  SiCl  +  and  SiC12+  signals  are 
drastically  enhanced  as  compared  with  those  of  SiC14+  and 
SiC13+,  as  measured  by  mass  spectrometry .  In  between  800 
and  1000  K  the  main  product  changes  from  SiC14  to  SiC12. 

Figure  Id-e  shows  the  mass  spectra  of  the  neutral 
products  from  the  reaction  Si(C12,Ar+)  for  1  keV  A r+  ions 
and  temperatures  of  300  and  800  K.  Ion  beam  modulation  at  5 
Hz  discriminates  the  measured  signals  against  background; 
the  thermal  reaction,  being  continuous,  contributes  only  to 
this  background.  The  spectra  suggest  that  at  300  K  and  even 
at  800  K  in  the  Si(C12,Ar+)  process,  small  SiClx  (x=1,2), 
molecules  are  emitted  pref erentially ,  and  they  suggest  also 
that  the  ion-bombardment  induced  reactions  are  quite 
different  from  the  thermal  ones.  A  more  quantitative 
comparison  between  Si(C12)  at  1000  K  and  Si(C12,Ar+)  at  800 
K  is  only  permitted  after  sorting  out  the  neutral  parents 
of  the  various  products  ard  their  kinetic  energy  distrib¬ 
utions  . 

Time -of -flight  distributions  of  the  neutral  parents  of 
SiCl+  and  SiC12+,  together  with  the  signal  dependence  of 
SiClx  (x=1,2,3)  products  on  the  C12  arrival  rate  at  300  K, 
lead  to  the  conclusion  that  SiCl  and  SiC12  are  emitted  as 
such  and  that  the  neutral  parent  of  SiCl+  is  mainly  the 
SiCl,  and  of  SiC12+  mainly  the  SiC12  molecule. 

Studies  on  the  kinetic  energy  distributions  of  the 
neutral  products  from  the  Si(C12,Ar+)  process,  see  figure 
2,  have  shown  that  more  than  85%  of  them  have  energies 
above  thermal  values,  and  can  be  well  described  by  a  colli¬ 
sion  cascade  like  process.  So,  it  appears  that  the  main 


fraction  of  the  products  emitted  in  this  proces  results 
from  sputtering  and  not  from  stimulation  of  the  thermal 
reaction  path  by  ion  bombardment. 

Studies  on  the  influence  of  Ep,  T,  and  (f) C12  on  the 
time-of-f light  distributions  of  SiCl  and  SiC12,  as  well  as 
of  A r  (first  implanted  and  afterwards  resputtered)  (3)>  and 
the  observed  large  molecular  fraction  sputtered  compared 
with  the  atomic  fraction,  suggest  that  a  modification  of 
the  top  atomic  layers  of  Si,  from  which  the  products  are 
sputtered,  by  incorporation  of  significant  quantities  of 
Cl,  plays  a  dominant  part  in  the  reaction  mechanism. 
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Figure  l.a)  Mass  spectrum  of 
SiC14  gas  at  300  K;  b)  mass 
spectrum  of  species  emitted 
in  the  thermal  reaction  of 
Si  with  C12  at  800  K 
(0C12=5x 10exp16molec .cm-2s-1 ) 
c)  idem  as  b)  at  1000  K;  d) 
mass  spectrum  of  species 
emitted  from  Si  under  simul¬ 
taneous  exposure  to  a  C12 
beam  ($C12  see  b)),  and  an 
Ar+  ion  beam  (Ep=1keV, 
0Ar  =  i»x1Oexp15innscm-2s-1 )  ; 
e)  idem  like  d)  at  800  K. 
All  data  are  normalized  to 
the  SiCl+  signal. 


Figure  2.  Total  fit  of  the 
kinetic  energy  distribution 
of  SiCl  (m/e=63)  particles 
for  the  parameters  as  given 
in  the  figure.  At  low  energy 
a  Maxwell-Boltzmann  distrib¬ 
ution  at  300  K  is  indicated, 
while  at  higher  energies, 
above  O.leV,  a  collision 
cascade  distribution  is 
given  with  a"  Uo=  0.3eV. 
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ENERGY  DISTRIBUTIONS  OF  ELECTRONICALLY  EXCITED  MOLECULES  PRODUCED  BY  ION 
BOMBARDMENT  OF  SILICON 

R.  Walkup  and  Ph.  Avouris,  IBM  Thomas  J.  Watson  Research  Center,  P.O.Box  2 1 8,  Yorktown  Heights,  N  Y. 
10598 

A  portion  of  the  flux  of  sputtered  particles  produced  during  ion  bombardment  of  a  solid  surface  consists 
of  molecular  fragments.  These  sputtered  molecules  are  of  particular  interest  because  they  provide  a  unique 
probe  of  the  dynamics  of  the  sputtering  process.  In  addition  to  center  of  mass  motion  away  from  the  surface, 
the  molecular  fragments  exhibit  relative  motion  of  the  constituent  atoms,  e.g.  rotations  and  vibrations.  Con¬ 
current  measurement  of  the  distribution  of  energy  in  these  internal  modes  together  with  the  center  of  mass 
kinetic  energy  enables  critical  evaluation  of  sputtering  mechanisms. 

We  report  optical  measurements  of  the  internal  and  kinetic  energy  of  the  electronically  excited  molecules 
SiN(B2S)  and  SiH(A2A)  produced  by  ion  bombardment  of  silicon.  These  two  species  have  very  different 
mechanical  properties  (  dissociation  energy,  mass  ratio,  etc.  ),  and  therefore  they  may  exhibit  different  colli- 
sional  sputtering  dynamics.  The  rotational  and  vibrational  energies  are  obtained  by  comparing  the  spectral 
band  intensities  and  shapes  with  numerical  simulations.  A  good  fit  is  obtained  by  using  a  Boltzmann  distrib¬ 
ution  for  both  the  vibrational  and  rorational  degrees  of  freedom  with  effective  "temperatures"  of 
Ttff  **  3500  ±  500K  for  SiN(B22),  and  Tclf  -  3000  ±  500K  for  SiH(  A2A).  This  corresponds  to  energies  of 
kTtff  —  0  30  ±  004eV  and  0.26  ±  0.04eV  for  SiN(B2£)  and  SiH(  A2A)  respectively.  Kinetic  energies  of  the 
sputtered  molecules  are  obtained  by  monitoring  the  optical  emission  intensity  as  a  function  of  distance  from 
the  surface.  We  find  characteristic  kinetic  energies  of  EK  -  3.7  ±  0.7eV  for  SiN(B2Z)  and 
Ek  -  2.3  ±  0.5eV  for  SiH(A2di).  The  fact  that  the  kinetic  energy  of  the  sputtered  molecules  is  about  ten 
times  larger  than  the  internal  energy  is  clear  evidence  of  the  non-thermal  nature  of  the  particle  ejection 


process. 


We  compare  the  experimental  observations  with  an  analytical  model  of  the  vibrational  distribution  of 
sputtered  diatomic  molecules.  Reasonable  agreement  is  obtained  and  several  qualitative  conclusions  are 
reached.  (1)  For  the  low  energy  (<10eV)  collisions  typical  of  collision  cascade  sputtering,  the  collision  du¬ 
ration  is  comparable  to  or  larger  than  a  vibrational  period.  As  a  result  adjacent  atoms  generally  have  a  cor¬ 
related  response  to  a  collision,  and  the  probability  of  vibrational  excitation  is  relatively  small.  This  is  in 
agreement  with  experimental  observations.  (2)  The  bond  dissociation  energy  does  not  play  a  major  role  in 
limiting  the  internal  energy  distributions  of  sputtered  molecules.  This  is  clearly  demonstrated  by  the  fact  that 
comparable  internal  energy  distributions  have  been  observed  for  BH(A'n)1  ,  SiH(A2A),  CH(A2A)2,  and 
SiN(B22)  where  the  dissociation  energies  are  0.55eV‘,  0.84eV\  2.7eV4,  and  5. leV 5  respectively.  (3) 
Boltzmann-like  distributions  are  calculated  from  a  simple  collisionai  model  of  vibrational  exctiation,  thus  the 
observation  of  Boltzmann-like  distributions  does  not  imply  energy  equilibrium  for  the  internal  modes  of 
sputtered  molecules. 
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Simultaneous  Exposure  of  SiO.  and  ThF^ 
to  XeF^  and  Energetic  Electrons* 

M.  A.  Loudiana  and  J.  T.  Dickinson 
Department  of  Physics 
Washington  State  University 
Pullman,  WA  99164-2814 

This  study  examines  the  effect  of  exposing  thin  films  of  SiO^  and  ThF^ 
to  gaseous  XeF^  and  energetic  electrons.  These  systems  are  of  interest  to 
VLSI  and  optical  coatings  technology.  The  experiments  were  done  in  a 
stainless  steel  UHV  chamber  with  Auger  Electron  Spectroscopy  (AES)  and 
Quadrupole  Mass  Spectroscopy  capabilities.  Changes  in  the  mass  of  the  thin 
films  was  measured  with  a  sensitive,  thermally  stabilized  quartz  crystal 
microbalance.  Details  of  the  equipment  and  procedure  are  given  elsewhere. ^ 

When  ThF^  is  exposed  to  XeF^,  microbalance  measurements  show  that  0.7 

monolayer  of  fluorine  is  adsorbed.  When  a  ThF^  film  is  bombarded  by  1  keV 

electrons  in  vacuum,  electron  stimulated  processes  (including  electron 

stimulated  desorption  —  ESD)  cause  It  to  lose  over  27  monolayers  of  fluorine. 

The  surface  composition  of  a  ThF^  thin  film  during  electron  bombardment  was 

measured  with  AES.  A  large  loss  of  fluorine  was  observed  with  a  corresponding 

Increase  in  thorium;  oxygen  and  carbon  impurities  showed  a  decrease. 

Microbalance  measurements  show  a  sharp  increase  (a  factor  of  2)  in  the 

electron  sputtering  yield  between  200  and  250  eV.  We  attribute  this  increase 

to  the  onset  of  the  core-hole  Auger  decay  mechanism,  as  proposed  by  Knotek  and 
2 

Feibelman  involving  the  thorium  0-shell. 

If  a  heavily  fluorine  depleted  ThF^  film  is  exposed  to  XeF^  it  rapidly 
regains  6  monolayers  of  fluorine,  also  seen  in  the  Auger  spectra  as  an 
increase  in  the  fluorine  Auger  peak.  When  XeF£  is  present  during  electron 
bombardment,  the  fluorine  concentration  does  not  decrease  as  much  as  in 
vacuum.  Thus,  both  uptake  and  removal  of  fluorine  is  happening  simultaneously 


and  that  an  equilibrium  state  is  reached  where  fluorine  is  eventually  replaced 

by  XeF2  at  the  same  rate  it  is  lost  by  ESI). 

When  SiOj  is  exposed  to  XeF^  it  adsorbs  1  monolayer  of  fluorine.* 

Oxygen  is  lost  from  SiO^  very  slowly  when  it  is  exposed  to  energetic  electrons 
3  4 

in  a  vacuum.  As  shown  by  Coburn  and  Winters,  if  XeF^  is  present  an  electron 
beam  will  rapidly  etch  SiO^.  We  observe  in  the  AES  a  rapid  decrease  in  the  Si 
Auger  signal  during  electron  bombardment  in  XeF^.  The  rise  in  oxygen 
concentration  indicates  that  oxygen  removal  may  be  the  slowest  step  in  the 
reaction . 

The  presence  of  silver  on  the  surface  is  observed  at  large  electron 
doses  and  is  due  to  the  silver  substrate  reacting  with  fluorine  which  has 
diffused  through  the  SiO^  film  under  the  influence  of  electron  bombardment. 

The  silver  —  fluorine  interaction  actually  results  in  a  net  mass  gain  if 
sufficiently  low  energy  electrons  are  used.  At  sufficiently  high  energies  the 
removal  of  Si02  saturates  at  the  current  densities  used  in  these  studies  at  an 
electron  sputtering  yield  of  20  AMll/electron. 
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Ablation  of  Organic  Polymers  by  Ultraviolet  and  Visible  Radiation: 


A  Theoretical  Approach 
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and 
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There  has  been  considerable  interest  recently  in  the  use  of  laser 
radiation  to  remove  material  from  a  solid.  Of  particular  interest  is  the 
observation  that  short  pulses  far-UV  (e.g.,  193  nm)  radiation  ablates  organic 
polymers  cleanly,  i.e.,  the  remaining  sample  exhibits  a  precisely  defined  pit 
(1-3).  It  is  possible  that  the  radiation  could  have  melted  or  damaged  the 
remaining  sample.  Indeed  for  longer  wavelength  radiation,  e.g.  visible  light, 
damaged  samples  are  generally  observed  (4).  Obviously  there  are  at  least  two 
distinct  processes  that  can  result  in  ablation  of  material  when  it  is 
irradiated  by  laser  light.  In  the  following  discussion  we  will  refer  to  the 
phenomenon  that  cleanly  etches  the  material  as  the  photochemical  process  and 
the  one  that  melts  the  sample  as  the  thermal  process.  We  have  developed 
microscopic  models  for  each  of  the  two  processes  (5).  In  the  photochemical 
model  we  assume  one  photon  is  directly  responsible  for  dissociating  one  bond 
via  a  transition  to  an  excited  electronic  state.  In  the  thermal  model  we 
assume  that  the  laser  energy  is  absorbed  into  vibrational  modes  of  the  solid. 

Microscopic  models  for  photochemical  and  thermal  ablation  of  polymer 
films  due  to  pulsed  laser  radiation  are  presented.  The  photochemical  model  is 
appropriate  for  far-UV  (e.g.,  193  nm)  radiation  and  assumes  that  the  laser 
light  initiates  a  chemical  reaction.  The  products  have  a  larger  specific 


MB4-2 


volume  than  the  original  sample  and  an  explosion  occurs.  The  predictions  of 
the  photochemical  model  are  as  follows:  (1)  Tie  reacted  material  ablates 
without  melting  the  remainder  of  the  sample.  (2)  The  average  perpendicular 
velocity  of  the  ablated  material  is  1000-2000  m/s.  (3)  The  angular  spread  is 
within  23-30°  of  normal  and  peaked  in  the  direction  normal  to  the  surface. 

(4)  The  material  ablates  layer  by  layer. 

The  thermal  model  is  appropriate  for  photon  energies  which  are  not 
sufficiently  large  to  dissociate  chemical  bonds  and  possibly  even  cases  of  UV 
irradiation  of  solids.  In  this  case  the  light  is  absorbed  by  vibrational 
modes  in  the  solid  and  goes  towards  heating  the  sample.  The  predictions  of 
the  thermal  model  are  as  follows:  (1)  The  remaining  sample  is  distorted  and 
melted.  (2)  The  angular  spread  is  twice  as  large  as  that  from  the 
photochemical  model.  (3)  The  material  does  not  necessarily  ablate  layer  by 
layer. 

The  precise  wavelength  regime  in  which  the  photochemical,  thermal  or 
possibly  even  both  processes  are  operative  will  undoubtedly  depend  on  the 
characteristics  of  individual  materials.  It  is  time  to  make  systematic 
experimental  studies  in  order  to  quantitatively  define  these  two  regimes  and 
to  understand  their  similarities  and  differences. 
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Laser  Interferometry  and  Laser  Induced  Fluorescence  Studies  of  Laser  Etching.  R.W. 
Dreyfus.  R.  Walkup  and  J.M.  Jasinski,  IBM  Thomas  J.  Watson  Research  Center, 
P.O.  Box  218,  Yorktown  Heights,  NY  10598. 

SUMMARY:  Excimer  laser  ablation  of  solids  with  laser  power  densities  in  the 
range  I  O'1  to  1 0<y  W/cm2  is  becoming  increasingly  important  in  laser  processing  of 
materials  for  microelectronics.  The  ablation  process  produces  an  intense  plume  of 
gas  phase  material  which  expands  rapidly  away  from  the  ablated  surface.  We  report 
on  real  time  interferometric  measurements  of  free  electron  density  and  laser  induced 
fluorescence  studies  of  atoms  and  molecules  in  the  plume,  with  the  objective  of 
understanding  the  dynamics  of  material  ablation. 

A  primary  concern  in  studies  of  laser  ablation  is  whether  or  not  a  laser  produced 
plasma  is  formed  above  the  surface.  We  have  used  a  Michelson  interferometer  to 
measure  the  index  of  refraction  of  the  plume  of  ablated  material.  Since  the  refrac¬ 
tive  index  is  especially  sensitive  to  the  free  electron  density,  this  technique  provides 
a  direct  probe  for  plasma  formation  and  plasma  density.  Using  this  technique, 
time-resolved  measurements  of  plasma  density  at  a  fixed  distance  (2mm)  above  the 
surface  of  a  number  of  different  materials  have  been  made.  This  provides  time-of- 
flight  velocity  distributions  for  the  plasma.  Threshold  energy  densities  for  plasma 
formation  are  obtained  by  measuring  the  plasma  density  as  a  function  of  laser 
fluence. 

When  plasma  formation  is  observed,  threshold  energies  are  in  the  range  0.5-10 
J/cm2  and  show  remarkably  little  correlation  with  simple  electronic  properties  of  the 
material  or  with  optical  band  gap.  The  expansion  velocity  of  the  laser  produced 
plasma  depends  primarily  on  the  initial  plasma  density  rather  than  on  the  specific 
properties  of  the  material  being  ablated.  For  the  specific  case  of  sapphire,  the 
plasma  density  is  ~10u’  electrons/cm’  at  a  fluence  of  5  J/cm2.  The  plasma  expan¬ 
sion  velocity  under  these  conditions  is  ~10<>  cm/sec.  Expansion  velocities  of  this 
magnitude  arise  from  an  electrostatic  plasma  acceleration  mechanism,  analogous  to 
ambipolar  diffusion.  The  expansion  velocity  corresponds  to  ion  kinetic  energies  in 
the  range  of  10  eV.  This  kinetic  energy  can  be  transferred  to  neutrals  by  ion  neutral 
collisions  and/or  charge  transfer  reactions.  Collisional  coupling  of  ion  and  neutral 
motion  should  be  strong  since  the  density  of  ions  in  the  plasma  is  large  ( ~  1 0 1  r>  cm  ') 
and  the  degree  of  ionization  is  high  (>  10%). 

Energy  distributions  for  ground  state  atoms  and  molecules  in  the  plume  have 
been  obtained  by  laser  induced  fluorescence  studies.  A  narrow  band  dye  laser 
probes  specific  species  2  cm  above  the  surface  0.1  to  100  gsec  after  the  ablating 
laser  pulse.  Time-of-flight  velocity  distributions  obtained  in  this  way  for  Al  and  AIO 
produced  in  the  ablation  of  sapphire  are  shown  in  Figure  1.  These  data  can  be  fit  to 
Boltzmann  distributions  giving  average  kinetic  energies  of  13.3 ±0.6  eV  for  Al  and 
0.6 1  ±0.03  eV  for  AIO.  The  high  kinetic  energy  of  the  aluminum  atoms  results  from 
resonant  charge  transfer  reactions  with  fast  aluminum  ions,  as  noted  above.  Laser 


induced  fluorescence  spectra  of  diatomics  such  as  AlO  also  provide  information  on 
internal  energy  distributions.  We  find  that  the  rotational  and  vibrational  energies  of 
AlO  are  ~0.1  eV,  substantially  less  than  the  translational  energy.  This  may  be 
indicative  of  a  relatively  low  surface  temperature. 

RWD  acknowledges  many  helpful  discussions  with  Ph.  Avouris,  R.  Kelly,  and  J. 
Rothenberg 


Figure  1.  Velocity  distributions  of  Al  and  AlO  formed  during  ablation  of  Al,Ov 
The  solid  lines  are  calculated  curves  assuming  a  Boltzmann  distribution. 
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Table  I.  Summary  of  Translational  and  Internal  Energies  for  Al  and  AlO  ablated 
from  ALO,. 


E. 


AlO 


Al 


0.6  eV 


13  eV 


'0.1  eV 


■0.1  cV 


MB6-1 


Direct-writing  in  self -developing  resists  using 
low-power,  cw,  ultraviolet  light 
by 

J.  E.  Bjorkholm,  L.  Eichner,  J.  C.  White,  and  R.  E.  Howard 
AT&T  Bell  Laboratories 
Holmdel,  NJ  07733 
and 

H.  G.  Craighead 
Bell  Communications  Research 
Holmdel,  NJ  07733 

SUMMARY 

"Direct-write"  technologies  for  the  laser  processing  of  semiconductors  use  sharply  focused 
laser  beams  to  induce  localized  chemical  reactions  at  semiconductor  surfaces.  Though  these 
processes  are  slow  compared  with  conventional  optical  printing,  they  are  of  scientific  interest  and 
they  appear  promising  for  applications  involving  the  customizing,  repairing,  and  testing  of  integrated 
circuits.  There  also  has  been  interest  in  "self -developing"  photoresists;  these  are  materials  that  ablate 
during  exposure  to  optical  radiation.  The  use  of  a  self -developing  resist  eliminates  the  need  for  a 
development  step  following  exposure. 

In  this  talk  we  describe  the  first  direct-writing  of  micron-sized  features  in  self -developing 
resists.  The  direct  writing  is  carried  out  using  less  than  1  mW  of  UV  light  at  257  nm  focused  to  a 
spot  size  of  about  1.5  p-m  on  thin  films  of  polymeric  photoresists  deposited  on  a  variety  of 
substrates.  Most  of  our  work  was  carried  out  with  poly(methylmethacrylate)  (PMMA),  although 
similar  results  have  been  obtained  with  other  resists.  The  substrate  is  scanned  under  Jhe  light  beam 
to  create  patterns  in  the  resist.  Completely  ablated  grooves  having  widths  of  1.5  pm  have  been 
fabricated  at  scan  speeds  of  up  to  120  >un/sec. 
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Previous  work  on  self -developing  photoresists  has  been  carried  out  by  irradiating 
relatively  large  surface  areas  with  both  cw  and  pulsed  light  sources.  The  peak  power  levels  used 
were  much  greater  than  those  employed  here,  ranging  from  about  a  factor  of  ten  for  the  cw  cases  to 
many  orders  of  magnitude  greater  for  the  pulsed  cases.  Nonetheless,  because  of  the  small  focal  spots 
used  here,  our  exposures  were  much  larger  than  those  of  the  preceding  work.  For  an  incident  power 
of  1  mW  the  peak  intensity  is  on  the  order  of  about  lO'W/cm2,  corresponding  to  an  incident  energy 
density  of  about  2xl03  J/cmJ  for  a  typical  scan  speed  of  10  jim/sec. 

Important  features  of  our  observations  are  that  there  are  no  energy  density  or  intensity 
thresholds  for  ablation  and  that  the  depth  of  the  ablated  groove  is  determined  by  the  deposited 
energy  density,  independent  of  the  deposition  rate.  In  other  words,  the  self-developing  or  ablation 
process  is  reciprocal.  Clearly  the  ablation  process  is  not  thermal  in  origin.  These  observations  are 
consistent  with  the  preceding  cw  work;  however,  all  of  the  pulsed  observations  have  reported  the 
existence  of  a  distinct  threshold  for  ablation.  This  indicates  that  different  physical  mechanisms  are 
responsible  for  ablation  in  cw  and  pulsed  conditions. 

We  have  further  observed  that  the  cw  ablation  process  in  PMMA  is  a  form  of  photo- 
initiated  oxidation.  Irradiation  of  PMMA  in  vacuum  or  in  an  inert  environment  only  results  in  a 
slight  localized  shrinkage  of  the  thin  film.  Ablation  is  observed  only  in  the  presence  of  oxygen.  The 
ablation  rate  is  roughly  proportional  to  the  oxygen  partial  pressure  for  partial  pressures  of  less  than 
100  to rr  and  it  saturates  above  several  hundred  torr. 

Reactive-ion  etching  of  silicon  substrates  through  patterned  PMMA  films  has  yielded  good 
results.  For  example,  1.5  p.rn  wide  grooves  were  written  in  160  nra  thick  PMMA  films  deposited  on 
silicon.  After  reactive-ion  etching  with  SFt  these  grooves  were  transferred  into  the  substrate;  they 
were  about  320  nm  deep,  1.5  *ira  wide  at  the  surface,  and  their  profile  mirrored  the  profile  of  the 
groove  in  the  PMMA. 


Raman  Characterization  of  Catalysts 


A.  Wokaun*,  A.  Baiker-*-,  W.  Fluhr*,  M.  Meier*,  and  S.K.  Miller-*- 

Physical  Chemistry  Laboratory* 
and 

Department  of  Industrial  and  Engineering  Chemistry^ 

Swiss  Federal  Institute  of  Technology 
ETH  Zentrum,  CH  8092  Zurich,  Switzerland 


The  use  of  surface  enhanced  Raman  scattering  as  a  tool  for  the 
elucidation  of  reaction  mechanisms  in  heterogeneous  catalysis  is 
investigated.  The  following  information  is  desired: 

-  identification  of  the  molecular  species  adsorbed  at  the  surface,  even  if 
present  in  low  concentrations;  this  includes  reactants,  major  and  side 
products; 

-  type  and  geometry  of  bonding  to  the  surface; 

-  detection  of  intermediates  which  exist  only  as  surface  species. 

Vibrational  spectroscopy,  being  highly  molecule  specific,  is  suitable 
to  answer  these  questions.  Applications  of  Raman  scattering  in  catalysis 
have  previously  been  impeded  by  low  sensitivity.  Surface  enhancement, 
which  is  intrinsically  strongest  for  the  first  adsorbed  molecular  layer, 
makes  Raman  scattering  comparable  in  sensitivity  to  electron  energy  loss 
spectroscopy  in  UHV.  Compared  to  transmission  IR  spectroscopy,  Raman 
scattering  is  particularly  attractive  for  catalyst  characterization  due  to 
its  independence  of  a  transparent  support.  It  gives  easy  access  to  bands 
in  the  low  wavenumber  region,  corresponding  to  motions  of  the  adsorbate 
relative  to  the  surface. 

Reactions  of  amines,  such  as  dehydroamination  and  disproportionation, 
on  metallic  copper  catalysts  have  been  chosen  as  systems  of  current 


interest,  and  of  a  complexity  which  is  typical  for  catalytic  processes  of 
industrial  relevance.  Activity  and  selectivity  of  the  copper  catalysts  are 
strongly  influenced  by  the  adsorption  and  desorption  behavior  of  the 
reactant  and  product  amines.  Thus  as  a  first  step  the  adsorption  of 
m-toluidine  on  Cu  is  being  studied. 

Surface  enhanced  Raman  spectra  of  toluidine  on  Cu  have  been  recorded; 
they  exhibit  significant  frequency  shifts  compared  to  the  spectrum  of  the 
neat  liquid,  as  well  as  additional  bands.  Raman  spectra  of  two  model 
compounds  were  compared  with  the  surface  spectrum:  In  lithium  toluidide,  a 
covalent  bond  between  nitrogen  and  the  metal  atom  is  formed;  in  the 
toluidinium  ion  an  electron  acceptor  (H+)  is  attached  to  the  nitrogen  lone 
pair.  Interpretation  was  aided  by  a  normal  coordinate  analysis  of  the 
frequency  shifts.  The  data  allow  a  clearcut  decision  between  two  models 
put  forth  for  the  bonding  of  toluidine  to  the  surface. 

Further  work  includes  the  study  of  reactant  and  product  amine 
adsorption  at  elevated  temperatures,  and  in  situ  spectroscopic 
characterization  of  copper  surfaces  during  dehydroamination  reactions. 
Progress  along  these  lines  is  reported,  and  the  scope  of  the  technique  is 
asserted. 

The  successful  use  of  enhanced  Raman  scattering  in  reaction 
environments  hinges  on  the  preparation  of  metallic  surfaces  which  are  both 
Raman  active  and  catalytically  active.  A  simple  etching  procedure  for 
producing  such  substrates  is  described.  The  surfaces  consist  of  relatively 
large  (-  1000  X)  particles  and  protrusions,  which  are  randomly  placed  and 
close  enough  to  each  other  to  be  strongly  interacting. 

Theoretical  advances  in  the  modeling  of  such  a  surface  are  reported. 
A  theory  of  dipolar  interactions  between  arbitrarily  sized  particles  on  a 
surface  is  outlined,  which  provides  guidelines  for  maximizing  the 
molecule  -  independent  electromagnetic  enhancement  contribution. 
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SURFACE  RAMAN  SPECTROSCOPY  WITHOUT  ENHANCEMENT 


Alan  Campion 
Department  of  Chemistry 
University  of  Texas  at  Austin 


I  will  describe  recent  experiments  that  demonstrate  our  ability  to 
observe  Raman  scattering  from  molecules  adsorbed  on  single  crystal  surfaces 
without  requiring  either  surface  or  resonance  enhancement.  I  will  discuss 
the  details  of  the  experimental  method,  relevant  selection  rules,  information 
obtainable  from  the  angular  distribution  of  the  scattered  radiation  and  some 
implications  of  our  experiments  regarding  the  mechanism  of  surface-enhanced 
Raman  scattering.  To  illustrate  the  versatility  of  our  method,  examples  will 
include  studies  of  molecules  adsorbed  on  metal  and  semiconductor  surfaces  in 
ultrahigh  vacuum,  in  the  presence  of  reactive  gases  at  high  pressures  and  in  the 
electrochemical  environment. 


Surface  Coherent  Raman  Spectroscopy 

W.  M.  Hetherington,  N.  E.  Van  Wyck,  E.  W.  Koenig  and  Z.  Z.  Ho 
Department  of  Chemistry,  University  of  Arizona,  Tucson,  Arizona  85721 

G.  I.  Stegeman,  R.  M.  Fortenberry  and  R.  Moshrefzadi 
Optical  Sciences  Center,  University  of  Arizona,  Tucson,  Arizona  85721 

Surface  coherent  Raman  scattering  (SCRS)  is  a  powerful  technique  for 
obtaining  vibrational  Raman  spectra  of  surface  species  with  submonolayer 
sensitivity.  This  sensitivity  is  achieved  by  using  incident  and  scattered 
fields  in  the  form  of  guided  waves.  A  planar  optical  waveguid  (1  pm)  of  a 
transparent  oxide  is  deposited  upon  a  silica  substrate.  Dye  laser  beams  of 
frequencies  and  w 2  are  coupled  into  the  waveguide  via  coupling  prisms  in 
optical  contact  with  the  surface.  The  allowed  TE  and  TM  modes  (electric  field 
and  magnetic  field  in  the  plane  of  the  surface,  respectively)  for  guided  waves 
are  characterized  by  a  discrete  set  of  wavevectors  which  depend  upon  the 
indices  of  refraction  and  the  film  thickness.  The  guided  wave  fields  extend 
beyond  the  film  into  the  surrounding  media,  and  hence  nonlinear  interactions 
such  as  coherent  anti-Stokes  Raman  Scattering  (CARS)  can  occur  on  the  surface  of 
a  waveguide.  The  field  distribution  functions  exhibit  an  exponentially  decaying 
evanescent  tail  outside  the  film. 

Coherent  Raman  Scattering  processes,  such  as  CARS  where  (03  =  2wj  -  u) 2,  occur 
within  the  film  and  in  both  the  upper  and  lower  interfacial  regions.  The 
achievement  of  phase-matching,  where  k3  =*  2ki  -  k2,  leads  to  a  very  efficient 
generation  of  the  CARS  signal  because  the  propogation  distance  can  be  1  cm  in 
the  film  and  because  high  power  densities  are  easily  attained  when  the  film  is 
only  1pm  thick. 


In  order  to  detect  a  CARS  signal  only  from  the  surface  of  the  optical 
waveguide,  the  contribution  to  the  signal  from  the  third  order  susceptibility, 
of  the  film  itself  can  be  removed  by  an  interference  effect  based  upon  a 
thoughtful  choice  of  the  TE  modes  for  the  fields  at  the  three  frequencies  for  a 
particular  film  thickness.  This  interfence  effect  has  been  observed 
experimentally  and  has  enabled  the  observation  of  CARS  spectra  of  molecules 
adsorbed  on  oxide  waveguides. 

Under  high  vacuum  and  ambient  atmospheric  environments,  a  variety  of 
molecules  have  been  allowed  to  adsorb  onto  the  surface  of  ZnO  and  Nb205  optical 
waveguides.  CARS  spectra  have  been  observed  with  2  cm-*  resolution  over  the 
range  of  700  to  1300  cm-*  using  two  dye  laser  pulses  from  a  synchronously  pumped 
laser  system. 

This  initial  investigation  of  surface  coherent  Raman  scattering  demonstrates 
the  submonolayer  sensitivity,  the  wide  range  of  accessible  frequencies,  the 
cancellation  of  the  bulk  film  signal  and  the  environmental  flexibility  of  this 
type  of  spectroscopy,  and  it  strongly  suggests  that  SCRS  is  an  excellent  way  of 
studying  the  structure,  chemistry  and  dynamics  of  surfaces. 


High  Resolution  Electron  Energy  Loss 
Spectroscopy  of  Molecular  Bond  Weakening 
on  Potassium  Promoted  Ru(001) 

by 

F.  M.  Hoffmann  and  R.  A.  dePaola 
Exxon  Research  and  Engineering  Company 
Corporate  Research  Science  Labs 
Route  22  East  -  Clinton  Township 
Annandale,  New  Jersey  08801 

The  adsorption  of  molecular  nitrogen  and  carbon  monoxide  on  potas¬ 
sium  promoted  Ru(001)  has  been  investigated  with  vibrational  spectroscopy, 
thermal  desorption,  LEED  and  work  function  measurements.  For  carbon  monoxide, 
small  precoverages  of  potassium  result  in  anomalously  weak  C-0  bonds  which 
manifest  themselves  in  large  C-0  stretch  frequency  shifts  (600  to  1400  cm-*) 
and  an  increase  in  vibrational  overtone  anharmonicities[l] .  Facile  C-0  bond- 
breaking  was  observed  by  isotopic  scrambling  in  thermal  desorption  experi¬ 
ments.  Both  vibrational  and  thermokinetic  data  as  well  as  analogies  to 
metalcarbonyls[2]  and  molecularly  adsorbed  oxygen  on  Pt(lll)  [3]  suggest  a 
side-on  bonding  mode  of  the  molecule  with  substantial  weakening  and  lengthen¬ 
ing  of  the  C-0  bond. 

In  contrast,  the  molecular  adsorption  of  nitrogen  is  not  signifi¬ 
cantly  affected  by  alkali  promotion  of  the  Ru(001)  surface.  Both  on  the  clean 
and  potassium  promoted  surface  molecular  nitrogen  adsorbs  only  weakly  (Tdes  ~ 
100K)  with  N-N  stretching  frequencies  of  2260-2200  cm-*  for  clean  Ru(001),  and 
2160-2130  cm-*  for  small  potassium  precoverages  (0^  <  0.10).  Higher  potassium 
precoverages  0^  <  0.10)  completely  suppress  adsorption  of  molecular  nitrogen 
at  90K.  The  difference  in  the  molecular  adsorption  behavior  of  nitrogen  and 
carbon  monoxide  must  be  explained  with  the  different  molecular  structure  of 
these  molecules[4,5].  The  ability  of  carbon  monoxide  to  form  strong  5 a  donor 
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bonds  with  the  metal  surface  results  in  synergetic  2if*-backdonation  which  can 
be  promoted  by  alkali  adsorption.  In  contrast,  nitrogen  forms  weaker  donor 
bonds  and  therefore  shows  a  reduced  ability  for  alkali  promoted  backdonation. 
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Photophysical  Studies  of  DAQ  on  Silica  and 
Aluminum  Oxides.  A  Molecular  Probe  of  Surface  Heterogeneity 

J.  M.  Drake 

Exxon  Research  and  Engineering  Company 
Corporate  Research-Science  Laboratories 
Clinton  Township  -  Route  22  East 
Annandale,  New  Jersey  08801 

The  optical  features  of  organic  molecules  adsorbed  to  the  surface  of 
oxides,  such  as  silica  and  alumina,  can  be  strongly  perturbed  by  the  chemical 
properties  of  the  surface  adsorption  sites.  The  topography  of  the  surface  as 
it  relates  to  the  fractal  dimension  and  its  relation  to  the  nature  and 
distribution  of  surface  sites  is  important  information  if  we  are  to  be  able  to 
understand  the  photophysics  and  photochemistry  of  surface  bound  molecules. 

The  work  we  report  here  is  for  the  molecule  1,4  dihydroxyanthraquinone  (DAQ, 
Quinizarin).  This  molecule  provides  striking  evidence  of  how  the  surface  of 
silica  gel  modifies  the  optical  features  of  DAQ  in  different  ways  depending  on 
the  nature  of  the  surface  adsorption  site. 

The  direction  of  our  work  with  DAQ  is  to  develop  an  understanding  of 
the  relationship  between  the  spectroscopic  changes  (compared  to  homogeneous 
solution)  observed  for  the  surface  bound  molecule  and  the  chemical  and 
physical  nature  of  surface  adsorption  sites.  We  chose  DAQ  because  of  the 
range  of  chemical  behavior  it  exhibits.  As  a  site  specific  molecular  probe  of 
surfaces,  DAQ  interacts  with  the  surface  through:  hydrogen  bonding,  charge 
transfer  and  proton  transfer.  The  features  of  the  hydrogen  bonding  between 
the  surface  and  DAQ  are  studied  by  the  technique  of  photochemical  hole  burning 
(PHB) .  This  is  a  very  unique  form  of  site  selective  surface  photochemistry, 
which  for  DAQ  is  based  on  a  phototautomeri zation  reaction.  We  have  been 
successful  in  doing  PHB  of  DAQ  on  selected  silica  surfaces. 
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The  charge  transfer  and  proton  transfer  interactions,  both  the 
intramolecular  and  intermolecular  processes,  are  studied  using  optical 
techniques.  We  use  the  absorption,  fluorescence  and  fluorescence  lifetime 
features  of  surface  bound  DAQ  to  interrogate  the  polarizable  nature  of  the 
local  surface  site  environment.  The  broad  structureless  inhomogeneously 
broadened  absorption  feature  of  the  total  ensemble  of  surface  bound  molecules 
is  separated  into  two  subsets,  those  DAQ  molecules  which  are  chemisorbed  to 
sites  which  result  in  quenched  fluorescence  and  those  adsorbed  to  sites  which 
allow  the  molecule  to  continue  to  fluoresce.  Those  which  fluoresce,  can  be 
subdivided  further  into  those  which  are  weakly  adsorbed  and  therefore  exhibit 
fluorescence  features  similar  to  homogeneous  solution  and  those  which  are 
adsorbed  forming  a  strong  complex  with  the  surface.  The  DAQ  molecules  which 
form  a  surface  complex  exhibit  strongly  perturbed  fluorescence  features. 

The  dynamics  of  the  excited  state  proton  transfer  reaction  are 
modeled  using  fluorescence  lifetime  data  obtained  for  each  of  the  surface 
bound  forms  of  DAQ.  Time  resolved  fluorescence  spectra  are  taken  to 
understand  the  apparent  shifts  in  the  fluorescence  spectra  of  DAQ  in  different 
surface  environments.  The  resulting  spectroscopic  and  dynamic  data 
demonstrate  the  usefulness  of  optical  techniques  in  probing  the  chemical 
nature  of  heterogeneous  oxide  surfaces. 
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PHOTODESORPTION  AND  ADSORBATE-SURFACE  INTERACTIONS 
STIMULATED  BY  LASER  RADIATION 


T.  J.  Chuang 

IBM  Research  Laboratory 
5600  Cottle  Road 
San  Jose,  California  95193 


Summary:  Laser  photons  can  interact  with  a  gas-solid  system  to  promote  hete¬ 
rogenous  reactions  and  to  stimulate  desorption.  Two  classes  of  photon-enhanced 
surface  processes  have  been  extensively  investigated  in  recent  years.  The  first  one 
involves  laser-induced  adsorbate-surface  reaction  and  desorption  resulting  in  the 
chemical  etching  of  the  solid.  The  examples  include  the  halogen  reactions  with 
silicon  and  metals  affected  by  ultraviolet  and  visible  photons.  Recent  time- 
resolved  mass  spectrometric  studies  in  conjunction  with  ESCA,  Auger  spectrosco¬ 
py  and  thermal  desorption  measurements  have  revealed  interesting  surface  reaction 
dynamics  and  etching  mechanisms.  The  second  one  involves  infrared  laser  photo¬ 
desorption  initiated  by  excitation  of  internal  molecular  vibrations.  Recent  studies 
of  the  desorption  phenomenon  for  molecules  adsorbed  on  both  dielectric  and  metal 
surfaces  excited  by  the  infrared  radiation  will  be  discussed.  The  photo-excitation 
process,  including  both  single  and  multiple  photon  absorption  and  the  various 
vibrational  energy  transfer  and  relaxation  processes  related  to  photodesorption, 
will  be  examined  with  particular  emphasis  on  assessing  the  quantum  and 
thermally-assisted  effects.  A  review  on  both  classes  of  laser-stimulated  surface 
processes  will  be  given. 


Infrared  Spectral  Electrochemistry  of  Surface  Reactions 

B.  Stanley  PONS,  Department  of  Chemistry,  University  of  Utah,  Salt 
Lake  City,  Utah  84112 

In  situ  infrared  vibrational  spectroscopy  of  the  electrode/solution 
interface  has  established  itself  as  an  efficient  and  informative  method  for 
study  of  the  orientation  and  structure  of  adsorbed  species.  The  method  is 
growing  rapidly  in  popularity  due  to  is  ease  in  implementation.  Very  high 
sensitivities  (approximately  10”^  adsorbance)  is  attained  with  relatively 
simple  instrumentation  and  by  simple  single  external  specular  reflection. 

A  range  of  related  experimental  techniques  and  their  application  has  led 
to  study  of  problems  of  wide  electrochemical  and  general  interest  including: 

a)  The  detection  and  identification  in  aqueous  and  non-aqueous  solvents 
of  the  potential  dependent  populations  of  solvent,  simple  ions,  and 
organic  solutes  both  in  the  adsorbed  state  and  free  in  the  double 
layer  using  a  wide  range  of  metallic  and  non-metallic  electrode 
materials  including  well-defined  single  crystal  surfaces. 

b)  The  investigation  of  the  orientation,  surface  bonding,  and  inter- 
molecular  interaction  of  adsorbed  species  and  the  effects  of  electrode 
potential  on  these  parameters. 

c)  The  identification  and  kinetics  of  reaction  of  adsorbed  and  non- 
adsorbed  reaction  intermediates  such  as  radical  anions  and  cations. 

In  addition  to  the  generally  recognized  surface  selection  rules  governing 
the  interaction  of  polarized  infrared  radiation  with  adsorbed  species  at 
metal  surfaces,  other  factors  contribute  to  observed  changes  in  the  vibrational 
spectra  of  adsorbed  species  from  the  free  species.  The  first  is  the  fact  that 
adsorption  of  a  species  at  a  surface  results  in  a  symmetry  change.  Translational, 
and  at  least  some  of  the  rotational  degrees  of  freedom  are  removed,  and  thus 
new  vibrational  modes  will  appear.  The  new  adsorbant/adsorbent  complex  will  have 
reduced  symmetry.  Consideration  of  the  new  spectra  along  with  possible  models 


of  adsorption  onto  the  two  dimensional  lattice  has  been  made  by  several 
workers,  and  can  lead  to  a  wealth  of  new  information  regarding  the  adsorbed 
state.  The  second  factor  is  the  response  of  the  oscillating  dipole  in  the 
presence  of  strong  (>  10^  V/M)  electric  fields  present  in  the  electrical 
double  layer.  Induced  dipole  moments  into  polarizable  modes  result  in 
infrared  activation  of  those  modes.  This  electrochemical  Stark  effect  is 
characterized  by  a  quadratic  dependence  of  the  intensity  of  the  band  with 
electric  field  strength.  Related  to  this  is  the  vibronic  coupling  of  easily 
polarizable  modes  in  charge  transfer  complexes  to  the  free  electron  in  the 
surface  leading  once  more  to  infrared  activation  of  those  modes,  and  enhanced 
intensities. 

Normal  surface  selection  rule  behavior  is  observed  in  the  electroadsorption 
of  molecules  near  the  point  of  zero  charge.  The  isomeric  difluorobenzenes, 
for  example,  are  observed  to  lie  flat  on  a  platinum  surface.  Out-of-plane 
ring  modes  are  thus  observed.  When  the  molecular  plane  is  forced  up  at  an 
angle  to  the  surface  by  various  means,  the  in  plane  modes,  then  having  non¬ 
zero  values  of  the  dipole  derivative,  are  observed  in  the  spectra.  Anthracene, 
at  potentials  further  removed  from  the  point  of  zero  charge,  exhibits  the 
electrochemical  Stark  effect,  and  tetracyanoethylene,  when  forced  to  adsorb  at 
a  platinum  electrode,  is  observed  to  exhibit  strong  vibronic  coupling  with 
the  surface  electrons,  leading  to  vibronic  activation  of  normally  Raman  active 


bands. 


Pulsed- Laser  Atom- Probe  Study  of  H^»  and  NH^  Formation  on  Metal 
Surfaces 

T.  T.  Tsong,  C.  F.  Ai  and  Wu  Liu 

Physics  Department,  The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

The  surface  field  must  play  an  important  role  in  the  reactivity  of  a 
surface.  This  effect  can  be  probed  in  field  ion  emission  experiments. 
First,  the  applied  field  in  these  experiments  is  an  adjustable  parameter 
and  it  is  of  the  same  order  of  magnitude  as  the  surface  field.  Second,  the 
size  of  a  field  ion  emitter  resembles  well  a  dispersed  catalytically  active 
metallic  particle.  We  report  here  a  study  of  surface  catalyzed  formation 
of  H^,  and  NH^  on  various  crystal  planes  of  about  20  transition  metals 
using  pulsed-laser  stimulated  field  desorption  technique.  In  pulsed-laser 
stimulated  field  desorption,  adsorbed  surface  species  are  first  thermally 
desorbed  by  pulsed-laser  heating  of  the  surface.  They  are  subsequently 
field  ionized  and  detected. 

Two  atom-probes  have  been  used  in  this  study.  One  is  the  high 
resolution  pulsed-laser  time-of-flight  atom-probe  where  desorbed  ions 
from  a  small  area  of  a  few  atomic- sites  from  a  chosen  crystal  plane  can 
be  detected  one  by  one.  The  other  is  the  pulsed-laser  imaging  atom-probe 
where  desorbed  ions  from  the  entire  emitter  surface  are  detected  all  at 
once.  Using  a  time  gating  technique,  however,  the  adsorption  sites  of 
various  species  can  be  revealed  with  atomic  spatial  resolution. 

In  the  presence  of  hydrogen,  nitrogen,  or  nitrogen-hydrogen  mixed 
gas,  the  pulsed-laser  atom-probe  mass  spectrum  may  contain  H^,  or 
NH^ .  The  species  are  found  to  desorb  from  sites  of  rough  surfaces  such 
as  the  high  index  planes  and  the  misplaced  metal  atoms  by  the  chemisorp¬ 
tion  process.  We  have  studied  the  material  specificity,  the  surface  site 
specificity,  and  the  temperature  and  field  dependence  of  the  reactivity 
of  the  surface  in  the  formation  of  H^,  and  NH^  on  various  surfaces  of 
about  20  transition  metals.  The  expe r iemental  results  obtained  and  the 
conclusions  drawn  from  this  study  will  be  discussed.  Principles  and 
capabilities  of  these  new  instruments  will  also  be  described. 

Work  supported  by  DOE. 
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Selective  Laser-stimulated  Desorption  of  Molecules 
by  Internal  Vibration  Excitation 

C.  Jedrzejek 

Department  of  Physics.  Texas  A&M  University.  College  Station,  TX  77843 


A  model  of  photodesorption  due  to  a  laser  resonantly  coupled  to  an  internal  vibra¬ 
tion  mode  of  the  adsorbed  molecule  is  considered.  Contrary  to  works  of  Gortel.  Kreuzer 
and  collaborators1,2  the  model  accounts  for  an  anharmonicity  of  the  internal  vibration, 
broadening  of  energy  levels  of  a  zero-order  Hamiltonian,  and  partly  for  multiphonon 
nature  of  the  resonant  heating  mechanism.  The  importance  of  these  features  of  the 
model  was  earlier  demonstrated  by  the  author  and  coworkers  for  thermal  desorption3 
and  Jaser-stimulated  desorption  (LSD)  through  the  excitation  of  the  surface  bond.4 5 6 7 8 

Detailed  numerical  calculation  of  the  photodesorption  rales  as  a  function  of  a  laser 
intensity  is  presented  for  a  multilevel  system  of  CHaF  on  NaCl  and  compared  with 
experimental  data  of  Heidberg  ef  a/.3.  Whereas  the  Gortel  el  a  I.1  assumption  of  the 
harmonic  oscillator  for  the  internal  vibration  produced  much  too  low  necessary  laser 
fluences  for  LSD.  our  results  (the  threshold  intensities  are  —  10°  -  101,  W  cm2)  are  in 
closer  agreement  with  experiment.  Several  other  model  systems0-*  are  qualitatively 
discussed.  More  satisfactory  correlation  of  LSD  theoretical  models  with  the  existing 
experimental  data  would  require  clear-cut  determination  of  important  input  parame¬ 
ters  such  as  an  adsorbate-substrate  surface  potential,  anharmonicity  and  broadening  of 
internal  vibrational  levels  and  the  substrate  temperature  rise  upon  laser  irradiation. 

1.  Z  W.  Gortel.  H  J  Kreuzer.  P  Piercy,  and  R.  Teshima,  Phvs.  Rev.  B  27.  5066  (1983): 

Phvs.  Rev.  B  28.  2119  (1983). 

2.  Z  W.  Gortel  and  H.  J  Kreuzer.  Phvs.  Rev.  B  29.  6926  (1984) 

3.  S.  Efrima.  C  Jedrzejek.  K.  F.  Freed.  E  Hood,  and  H.  Metiu.  J  Chem.  Phys.  79.  2436 

(1983);  E.  Hood.  C.  Jedrzejek.  H.  Metiu,  and  K.  F.  Freed.  J.  Chem.  Phys  (to  be  published) 

4.  C.  Jedrzejek.  K.  F.  Freed.  S.  Efrima,  and  H.  Metiu.  Surf  Sci  109.  191  (1981). 

5.  J.  Heidberg.  H  Stein,  and  E  Riehl.  Phys  Rev.  Letters  49.  666  (1982): 

Surf.  Sci.  126.  183  (1983). 

6.  T  J  Chuang.  Surf.  Sci  Rept.  3.  1  (1983). 

7.  F.  G  Celli.  M.  P  Cacassa.  and  K.  C.  Janda.  Surf  Sci.  141.  169  (1984). 

8.  J.  Lin  and  T.  F.  George.  J.  Chem  Phys.  72,  2554  (1980):  Surf.  Sci.  100.  381  (1980); 

J.  Phys.  Chem.  84.  2957  (1980) 


Time  Resolved  Kinetic  Studies  of  Molecular  Decomposition 
on  Ni(100)  using  Laser  Induced  Desorption 

S.  J.  Bares  and  R.  B.  Hall 

Corporate  Research  Laboratory 
Exxon  Research  and  Engineering 
Route  22  East,  Annandale  N.J.  08801 

Laser  induced  desorption  (LID)  of  surface  bound  species  is  rapidly  de¬ 
veloping  into  an  important  technique  for  studying  the  dynamics  of  the  ad¬ 
sorbate-substrate  bond.  We  report  here  the  first  application  of  this  new 
technique  to  time  resolved  studies  of  reaction  kinetics  on  a  clean  metal 
surface.  In  particular,  measurements  of  decomposition  rates  of  methanol  to 
form  the  methoxy  intermediate  and  hydrogen  are  described.  Surprisingly,  the 
decomposition  curves  cannot  be  interpreted  assuming  a  simple  first  order  rate 
expression;  rather,  a  pseudo-second  order  rate  law  is  invoked  to  explain  the 
data.  Additional  insight  into  the  methanol  decomposition  reaction  is  obtained 
from  studies  of  the  reaction  rate  dependence  on  the  initial  concentration  of 
methanol.  Preliminary  results  using  this  technique  to  study  the  decomposition 
of  ethylene  on  Ni(100)  will  also  be  discussed  and  compared  to  the  methanol 
results. 

A  conventional  ultra-high  vacuum  apparatus  equipped  with  AES,  Ar+  ion 
sputtering,  and  mass  spectrometer  is  used  for  these  studies  and  has  been 
described  elsewhere.^)  Methanol  (CH3OH)  was  adsorbed  onto  the  cooled  (  < 

1 10K)  Ni  crystal  by  ambient  exposure.  Radiation  from  a  q-switched  Nd-YAG 
laser  is  used  to  desorb  methanol  molecules  which  are  monitored  by  the  mass 
spectrometer.  By  scanning  the  focussed  laser  across  the  Ni(100)  crystal, 
approximately  100  independent  samplings  of  the  methanol  surface  coverage  can 
be  obtained. 

In  figure  (1)  we  show  the  evolution  in  time  of  the  methanol  LID  signal 
following  a  rapid  (  6  sec.)  transition  in  temperature  from  100  K  to  various 
reaction  temperatures.  At  doses  of  methanol  below  saturation,  app.  4  X  1014 
cm"2,  less  than  10  %  is  lost  due  to  thermal  desorption^*).  The  results  of 
figure  (1)  show  that  a  simple  unimolecular  rate  law  is  not  obeyed.  However, 
the  data  is  well  represented  by  a  second  order  rate  expression;  ie. 
dCCHjOHl/dt  =  MTJtCHjOH]^,  for  which  a  plot  of  [CHjOH]-*  vs.  time  is  linear 
with  slope  equal  to  k(T).  We  calculate  an  energy  barrier  to  reaction  of 


Figure  1. 

Methanol  loss  at  various 
substrate  temperatures  measured 
by  laser  induced  desorption. 
Methanol  coverage  =  3.0  X  1014 


8.5  t  0.5  kcal/mole  and  pre-exponential  factor  equal  to  1  X  10"7cm2/sec. 
Further  studies  show  that  decreasing  the  initial  concentration  of  adsorbed 
methanol  on  the  surface  results  in  a  dramatic  increase  in  the  rate  of 
decomposition.  We  propose  a  simple  model  that  quantitatively  accounts  for 
the  observed  decomposition  rates: 

[CH  OH] 

_d  - -  tCH  0H(t)]  •  [Sd(t)]  km(T)  (1) 

dt 

where  km  is  the  two  dimensional  encounter  frequency  of  CH3OH  with  active 
sites,  S(j.  Note  that  at  saturation  coverage  the  number  of  adsorbed  methanol 
molecules  and  active  sites  are  approximately  equal  yielding  the  second  order 
dependence  observed  in  figure  (1). 

Preliminary  studies  on  the  decomposition  of  ethylene  (C2H4)  on  Ni(100) 
have  also  been  performed  using  HO.  Decomposition  occurs  at  temperatures  near 
160  K  with  curves  suggesting  a  unimolecular  decomposition  process  with  an 
activation  energy  of  about  5  kcal/mole.  Significantly  higher  temperatures  are 
required  to  decompose  C2D4  (30  K).  This  isotope  effect,  which  was  not 
observed  in  methanol,  will  be  explored  in  further  studies. 


1.  R.B.  Hall  and  A.M.  DeSantolo,  Surf.  Sci.  137,  (1984),  421. 
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EXCITATION  OF  INTERACTING  ADATOMS  AND  SURFACE-DRESSED  BLOCH 
EQUATION 

Jui-teng  Lin,  U.S.  Naval  Research  Laboratory,  code  6540, 
Washington,  D.C.  20375  USA 

The  influence  of  a  solid  surface  on  the  electronic  excitation  of  a 
group  of  two-level  adatoms  and  the  associated  power  spectrum  is  investigated 
by  means  of  a  nonlinear  surface-dressed  Bloch  equation.  In  the  presence  of 
a  surface  at  a  distance  from  the  adatom  which  is  comparable  to  the  optical 
wavelength,  the  energy  transfer  dynamics  is  inflenced  by  the  following 
factors:  (i)  nonradiative  energy  relaxation  of  the  excited  adatom  via 
electron-phonon  coupling,  (ii)  radiative  spontaneous  decay  and  stimulated 
emission  caused  by  both  the  applied  field  and  the  reflected  field,  (iii) 
the  oscillatory  behavior  of  the  adatom  lifetime  due  to  the  interference 
between  the  applied  and  reflected  field,  (iv)  the  reflectivity  and  refrection 
index  of  the  surface,  (v)  dipole  dephasing  caused  by  the  surface  phonons  and 
plasmons,  and  (vi)  interaction  among  the  adatoms. 

From  a  microscopic  Hamlitonian,  represented  in  a  second-quantization 
form  including  the  above  described  effects,  and  employing  the  many-body 
technique  for  the  multiphonon  coupling1,  we  obtain  a  set  of  nonlinear-coupled, 
surface-dressed  Bloch  equation(SBE) 

S  =  -iA  ffS  +  (2cJ)WS  -  iflW/2  (1) 

*J  =  -2r'(W-l)  -  (2cJ)S2  -  ifl  ( S-S* )  .  (2) 

Where  S  is  the  ensemble-averaged  collective  dipole  for  the  inter¬ 
acting  adatoms,  assuming  identical  and  initially  populated  at  the  ground 
states;  Aeff=A-iP  with  A=6Q0"tO  is  the  detuning  an&P  is  the  total 
damping  factor  of  the  dipole;  p '=  p-}£  is  the  pure  energy  relaxation  rate, 
with  being  the  phonon-induced  dephasing  factor;  f^is  the  Rabi  frequency 


and  c  is  the  coverage( number  of  adsorbed  atoms/area)  the  adatom;  finally, 

J=J.+J2,  with  being  the  direct  dipole-dipole  coupling  constant  and 

the  indirect  phonon-induced  coupling  among  the  adatoms.  Note  that  the  above 

SBE  reduces  to  that  of  a  single  adatom  when  cJ=0,  i.e.,  at  very  low  coverage 

2  3 

and/or  non-interacting  many-adatom  system.  ’  We  note  that  at  the  resonance 

condition,  the  steady-state  population  inversion,  W,  is  given  by  a  cubic 

equation  and  bistability  occurs  when  the  coupling  strength  2cJ  is  greater 

than  a  threshold  value,  16P  .  This  collective  excitation  effect  caused  by 

the  direct  and  the  indirect(phonon-mediated)  interactions  among  the  adatoms 

2 

can  not  be  found  in  our  previously  studied  single  adatom  system. 

Other  salient  features  of  the  above  SBE  which  are  significantly  different 
from  that  of  the  ordinary  surface-free  Bloch  equation  are  summarized  as 
follows:  ( i )  the  distance  and  dipole  orientation  dependence  of  the  energy 
(T^)  and  phase(T2)  damping  factors;  (u)  the  population-dependent  dephasing 
factor  of  the  dipole, second  term  in  Eq.(l);  (ui)  temperature  dependence  of 
the  effective  frequencyC A^f),  the  direct  dipole-dipole  coupling^) 
and  the  phonon-mediated  coupling  among  the  adatoms(J2). 

The  energy  transfer  dynamics  will  be  studied  via  the  numerical  solution 
of  SBE  and  the  nonlinear  power  spectrum  for  both  weak  field  and  strong  field 
will  be  analyzed  at  various  system  parameters  such  as  laser  polarization, 
adatom  concentration,  adatom  distance  and  orientations  of  the  transition  dipole. 

Finally,  the  critical  parameters  involvled  in  a  proposed  experimental  setup 
in  which  two-level  atoms  adsorbed  on  an  interface  system,  e.g.,  fatty  acid 
coated  metal  surface  will  be  discussed. 

1.  J.  Lin  and  T.F.  George,  J.  Phys.  Chem.  84,  2937  (1980). 

2.  J.  Lin,  X.  Huang  and  T.F.  George,  Solid.  Sta.  Commun.  £7,  63  (1983). 

3.  X.  Huang,  J.  Lin  and  T.F.  George,  J.  Chem.  Phys.  80,  893  (1984). 


Technique  for  Measuring  Surface  Diffusion  by 
Laser-Beam-Localized  Surface  Photochemistry* 

H.  J.  Zeiger,  J.  Y.  Tsao,**  and  D.  J.  Ehrlich 
Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173-0073 

Summary 

The  surface  migration  of  adsorbed  species  is  a  fundamental  kinetic  step 
in  most  surface  chemical  reactions,  e.g.,  those  involved  in  heterogeneous 
catalysis,  thin-film  growth,  and  etching.  Consequently,  numerous  techniques 
have  been  developed  over  the  years  for  measuring  surface-migration  rates. 
Most  of  these  techniques,  however,  are  only  applicable  to  strongly  bound  or 
robust  adsorbates,  such  as  atoms  and  some  diatomic  molecules,  since  they 
involve  subjecting  the  surface  to  extreme  environmental  conditions,  such  as 
large  electric  fields  or  electron  bombardment.  An  ultrahigh  vacuum  is  usually 
also  a  requirement. 

Because  the  majority  of  technologically  important  surface  chemical 
reactions  involve  at  some  stage  weakly  bound  or  fragile  polyatomic  molecules, 
it  is  of  interest  to  develop  techniques  for  measuring  surface-migration  rates 
of  these  molecules.  In  this  paper  we  describe  such  a  technique  and  report  its 
application  to  a  study  of  the  surface  migration  of  tetraethyl  lead  (TEL) 
adsorbed  on  sapphire.  The  technique  is  based  on  the  use  of  a  tightly  focused 
UV  laser  beam  to  drive  a  highly  spatially  localized  photoreaction,  in  this 
case  the  photolysis  of  TEL,  in  an  adsorbed  molecular  layer.  This  reaction 
creates  a  particle  sink  to  which  parent  molecules  diffuse,  allowing  the 
reaction  to  continue.  The  rate  at  which  the  reaction  proceeds  is  used  as  a 
sensitive  measure  of  the  surface-diffusion  rate  of  the  parent  molecules.  In 
the  present  study  the  reaction  rate  was  found  by  measuring  the  absorption  of 
the  laser  beam  by  the  films  deposited  by  TEL  photolysis. 

In  order  to  obtain  a  general  picture  of  surface  transport  near  a 
beam-localized  reaction  zone  and  to  extract  parameter  values  from  the 
experimental  results  for  deposition,  a  general  mathematical  model  based  on  the 
Green's  function  technique  was  formulated.  The  calculation  assumes  a  uniform 
initial  molecular  coverage,  which  is  not  necessarily  at  equilibrium  with  the 
molecular  concentration  present  in  the  gas  phase  at  the  time  the  laser  is 
switched  on.  Replenishment  of  the  reacting  molecules  takes  place  both  by 
diffusion  along  the  surface  and  by  transport  from  the  gas  phase.  The  analytic 
expressions  generated  were  evaluated  numerically  to  obtain  the  deposition  rate 
as  a  function  of  radial  position  with  respect  to  the  center  of  the  laser  spot 
and  as  a  function  of  time  for  various  rates  of  photolysis.  In  particular,  in 
the  high-illumination  limit  the  radial  distributions  of  the  deposit  thickness 
(see  Fig.  1)  and  deposition  rate  are  shown  to  deviate  appreciably  from  the 
UV-beam  profile. 


♦this  work  was  sponsored  by  the  Department  of  the  Air  Force,  in  part  under  a 
specific  program  supported  by  the  Air  Force  Office  of  Scientific  Research,  by 
the  Defense  Advanced  Research  Projects  Agency  and  by  the  Army  Research  Office. 


♦•Present  address:  Sandia  National  Laboratories,  Albuquerque,  NM  87185. 
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Finally,  the  analysis  was  used  to  extract  parameter  values  for  the 
specific  case  of  TEL  adsorbed  on  a  sapphire  surface.  The  value  obtained  for 
the  room-temperature  surface  diffusivity  is  7  x  10-7  cm2/s.  The  analysis  also 
gives  the  room-temperature  rate  and  activation  energy  of  TEL  desorption,  at 
~1  monolayer  coverage,  as  k^es  =  7  x  10~3/s  and  Edes  =  0.13  eV, 
respectively.  The  new  measurement  technique  should  be  broadly  applicable  to 
studies,  impractical  by  ultrahigh-vacuum  techniques,  of  the  surface  kinetics 
for  similar  fragile  and  weakly  bound  molecules. 


Fig.  1.  Transverse  profiles  of  the  thickness,  A(p,t),  of  a 
deposit  produced  by  photolysis  of  adsorbed  parent  molecules 
transported  by  surface  diffusion  into  a  laser-beam-localized 
reaction  zone.  The  parameter  p  is  the  normalized  radial 
distance  from  the  beam  center;  x  is  the  normalized  time  after 
the  beam  is  switched  on.  The  laser  beam  has  a  Gaussian  width 
of  p  =  0.5. 
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Characterization  of  Photochemical  Processing 

Masatake  Hirose 
Hiroshima  University 
Tokyo,  Japan 

Photochemical  etching  processes  of  Si02  in  NF-j  plus  H2  gas  and 
GaAs  in  Cl2  using  ArF  excimer  laser  by  in-situ  x-ray  photo-electron 
spectroscopy . 


Recent  Experiments  on  Photolysis  for  Low  Temperature  Epitaxy 

S  J  C  IRVINE,  J  GIESS ,  J  B  MULLIN,  G  W  BLACKMORE  and  0  D  DOSSER 

Royal  Signals  and  Radar  Establishment,  St  Andrews  Road,  Great  Malvern 

Wares.  WR14  3PS,  UK. 

The  infrared  detector  material  Cd  Hg ,  Te  (CMT)  has  become  the  most 

x  l-x 

widely  used  narrow  gap  semiconductor  for  photon  detection,  despite  problems 
such  as  high  volatility  of  Hg,  high  interdiffusion  coefficient  for  Hg  and  Cd 
fast  dopant  diffusion  and  large  segregation  coefficients  from  the  melt.  The 
key  to  overcoming  these  difficulties  lies  with  low  temperature  growth  of 
epitaxial  CMT  and  low  temperatures  for  device  processing.  Photochemical 
deposition  offers  an  elegant  solution  to  these  problems  by  removing  the  need 
for  heat  to  dissociate  metal-organics  on  the  substrate.  This  review  will 
concentrate  on  the  conditions  needed  for  epitaxial  growth  of  these  materials 
at  temperatures  below  300°C,  more  than  100°C  below  temperatures  required  for 
the  pyrolytic  growth  process. 

The  preferred  reactant  materials  for  HgTe  epitaxy  by  the  pyrolytic 
route  are  (C^H^l^Te  an<*  vapours  in  a  carrier  gas.  (C^H^l^Te  ^oes  not 

readily  photodissoc iate  to  yield  Te  in  a  region  of  high  UV  intensity  when 
using  a  flow  process,  an  alternative  photochemical  process  is  therefore 
needed  if  this  metal-organic  is  to  be  used.  A  surface  selective  photo¬ 
chemical  reaction  is  necessary  for  epitaxial  growth  at  low  temperatures, 
where  a  high  supersaturat ion  of  the  elements  in  the  vapour  leads  to  homo¬ 
geneous  nucleation  and  dust  formation.  In  the  case  of  HgTe  epitaxy  a 
surface  photosensitisation  reaction  can  be  promoted  by  generating  a  high  Hg 
vapour  pressure  which  will  yield  a  high  surface  coverage  in  Hg.  Selective 
excitation  of  the  absorbed  Hg  using  a  high  pressure  Hg  arc  lamp  can  lead  to 
dissociation  of  (C^H^l^Te  bv  interaction  with  excited  Hg  decaying  to  the 
ground  state. 

Epitaxial  layers  of  HgTe  have  been  grown  over  the  temperature  range 
200  C  to  lOO'C  and  their  crystalline  quality  has  been  assessed.  Also, 
results  on  surface  quality  and  surface/ 1 ayer  interface  sharpness  will  be 
presented . 

The  absence  of  a  vapour  phase  photochemical  reaction  releasing  Te  from 
(C2H  )7Te  is  an  advantage  as  it  enables  the  surface  reaction  to  proceed 
without  particles  of  To  or  HgTe  forming  in  the  vapour.  However,  CdTe  does 
form  readily  from  a  vapour  phase  reaction  when  using  the  metal-organics 
(GH^),Cd  and  (C^H  )  To,  probably  from  UV  absorption  by  the  adduct  (CH^l^Cd. 
Te(C2Hij)2-  Here  tie  homogeneous  nucleation  problem  is  more  severe  than 


say  for  Cd,  CdTe  is  very  stable  and  therefore  equilibrium  vapour  pressures 
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are  very  low;  eg  at  250°C  Cd  pressure  over  CdTe  is  ~)0  atm  compared  with 
~10  atm  over  pure  Cd.  Some  results  showing  the  effects  of  this  homogeneous 
nucleation  will  be  given  and  contrasted  with  the  high  quality  HgTe  films 
grown  by  photosensitisation. 

In  order  to  suppress  this  vapour  phase  reaction,  the  metal-organic 
precursors  could  be  replaced  by  metal-organics  not  absorbing  in  the  UV  which 
can  then  be  dissociated  by  Hg  photosensitisation.  An  alternative  approach  is 
to  modify  the  carrier  gas  which  can  be  a  reactive  constituent.  For  the  photo¬ 
sensitisation  reaction  to  grow  HgTe  and  for  the  vapour  phase  photochemical 
reactions  we  have: 

Hg*  +  (C2H5)2Te  +  H2~ ►  HgTe  +  2C£H6  (1) 

(CH)Cd.Te(CH)  +  2H„  +  hu  —  CdTe  +  2CH  +  2C  H  (2) 

32  2522  426 

By  replacing  hydrogen  with  an  inert  carrier  gas,  radicals  such  as  CH^ 
and  C2H5  will  have  longer  life-times  in  the  vapour  and  can  recombine  with  the 
metal-organic  molecules;  in  the  case  of  CdTe,  avoiding  vapour  phase 
nucleation. 

Growth  experiments  on  HgTe  growth  using  an  inert  carrier  gas  have  shown 
that  the  surface  reaction  is  largely  unaffected.  However,  a  dramatic 
reduction  in  vapour  phase  nucleation  is  observed  for  CMT  and  CdTe  growth 
when  an  inert  carrier  gas  is  used.  The  quality  of  CMT  and  CdTe  films  grown 
using  an  inert  gas  will  be  discussed  together  with  SIMS  results  on  the 
abruptness  of  heterostructure  interfaces. 


THE  MECHANISMS  OF  lll-V  MOVPE  AND  ROUTES  TO  A  UV-ASSISTED  PROCESS. 


J.Haigh.  British  Telecom  Research  Laboratories.  Ipswich  IP5  7RE.  UK 


The  epitaxial  growth  of  lll-V  compounds  by  co-pyrolysis  of  Group  III 
metal  alkyls  and  Group  V  hydrides  constitutes  one  application  of  the  well-known 
technique  of  MOVPE  ( metallo-organic  vapour  phase  epitaxy) .  Recently  interest 
has  been  aroused  In  the  possibility  of  photofytic  enhancement  of  the  process. 
Encouraging  results  have  been  reported  (1.2)  with  GaAs.  Photolysis  and 
pyrolysis,  at  least  in  the  case  of  the  simpler  metallo-organics.  lead  to  rather 
similar  products,  and  this  implies  that  the  initial  stages  are  chemically  similar 
and  potentially  compatible.  The  motivation  for  developing  a  photolytic/pyrolytic 
process  derives  primarily  from  the  high  spatial  resolution  of  photon  fluxes 
compared  with  conductive  or  radiative  heat  sources. 

In  order  to  develop  such  a  technique  more  needs  to  be  known  about  the 
mechanism  of  the  pyrolytic  process,  in  particular  with  regard  to  its  relationship  to 
other  epitaxial  deposition  processes.  It  has  recently  been  shown  [31  that  lll-V 
MOVPE  does  not  proceed  via  gas-phase  production  of  Group  Ilf  metal  atoms  from 
the  alkyls.  Since  there  are  three  metal-carbon  bonds  in.  for  example,  the 
MOVPE  precursor  ln(CH3)3.  this  implies  that  breaking  of  the  third  metal-carbon 
bond  occurs  on  the  semiconductor  surface,  and  thus  the  surface  stage  of  the 
process  is  qualitatively  different  from  that  in.  for  example,  molecular  beam 
epitaxy.  However  it  leaves  open  the  question  of  whether  the  first  and  second  of 
the  three  metal-carbon  bonds  break  on  the  surface  or  in  the  gas  phase.  By 
contrast,  complete  gas-phase  pyrolysis  of  the  group  V  precursors,  the  hydrides 
PH3  and  AsH3.  producing  species  such  as  P4.  P2.  As4  or  As2.  seems  to  occur 
or  at  least  be  permissible  in  an  optimised  system. 

Under  the  range  of  conditions  where  MOVPE  is  reaction -kinetics  limited 
surface  processes  appear  to  be  the  rate-determining  factor  (4).  Different 
surfaces  show  distinct  differences  in  their  ability  to  catalyse  group  III  -  carbon 
bond-breaking  (5.6).  These  differences  undoubtedly  reflect  differences  in  ability 
to  bond  the  electron-deficient  Group  III  and  electron-rich  Group  V  species. 
Recently  thermal  desorption  studies  have  begun  to  yield  information  on  the 
relative  strengths  of  such  surface  bonding. 


A  role  for  uv  In  MOVPE  enhancement  could  in  principle  exist  in  three 

areas. 

1)  To  modulate  the  extent  of  gas-phase  bond-breaking,  by  direct 
photolysis. 

2)  To  modulate  the  rate  of  surface  metai-carbon  bond-breaking. 

3)  To  modulate  the  rate  of  surface  atomic  migration  and  crystal  lattice 
formation,  by  direct  surface  electron-hole  pair  creation. 

The  limited  evidence  available  does  not  yet  enable  clear  distinctions  to  be  made 
between  these  hypothetical  processes.  It  is  important  to  identify  which  of  them  is 
the  most  beneficial,  since  this  governs  the  choice  of  uv  wavelength  and  of  the 
experimental  configuration. 
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Studies  of  Laser  Chemical  Vapor  Deposition 
Using  Surface  Sensitive  Infrared  Photoacoustic  Spectroscopy 


6.  S.  Higashi,  L.  J.  Rothberg  and  C.  G.  Fleming 
AT&T  Bell  Laboratories,  Murray  Hill,  NJ  07974 

We  report  vibrational  spectra  of  surface  adsorbates  during  KrF  laser  assisted 
chemical  vapor  deposition  (CVD)  of  A1  films  from  trimethyl  aluminum  (TMA)  on 
single  crystal  sapphire  substrates.  The  pulsed  optoacoustic  technique  used 
has  submonolayer  sensitivity  to  0-H  and  C-H  infrared  active  stretching 
vibrations  and  allows  studies  of  the  interactions  between  adsorbed  H20  and 
TMA  on  surfaces  prior  to  deposition.  It  also  provides  information  about  film 
composition  during  the  early  stages  of  laser  stimulated  growth.  In  addition, 
because  surface  AI-CH3  groups  can  be  observed  directly,  the  role  of  surface 
phase  photochemistry  in  laser  CVD  can  be  investigated. 

Tunable  pulsed  infrared  radiation  (between  2800  and  3800  cm"^ ,  bandwidth 
<1  cnr^ )  is  passed  through  a  sapphire  substrate  upon  which  a  piezoceramic 
transducer  is  edge  bonded.  The  laser  radiation  absorbed  by  the  sample  is 
converted  into  heat  and  the  corresponding  thermal  expansion  generates 
acoustic  waves  which  are  monitored  by  the  voltage  transient  across  the  piezo¬ 
electric.  Since  the  substrate  is  transparent  at  these  wavelengths,  acoustic 
signals  monitored  by  the  transducer  originate  from  energy  absorbed  by  surface 
adsorbates. 
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Fig.  la  plots  the  normalized  acoustic  signal  intensity  (or  infrared  adsorb- 
ance)  versus  laser  frequency  for  a  sample  which  was  acid  etched,  baked,  dosed 
with  water  and  finally  exposed  to  multiple  flushes  of  TMA.  The  feature 
around  2960  cm~l  is  an  absorption  peak  associated  with  the  asymmetric  C-H 
stretching  mode  of  A1 CCH3 ) x  at  about  a  monolayer  coverage  as  gauged  by  an 
adsorption  isotherm  of  TMA  taken  using  infrared  adsorbances.  The  sharp  peak 
at  3300  cm-l  does  not  participate  in  surface  chemistry  and  is  probably  due  to 
0-H  stretching  vibrations  of  subsurface  hydrogen.  The  very  broad  peak 
(^400  cm"l  wide)  at  ^3500  cm-^  reflects  "hydrogen  bonded"  0-H  stretching 
vibrations  from  a  little  less  than  a  monolayer  of  adsorbed  water.  Approx¬ 
imately  this  same  water  coverage  was  present  prior  to  TMA  dosing,  surprising 
in  light  of  the  explosive  reaction  between  vapors  of  TMA  and  H2O.  Since 
water  is  a  common  surface  contaminant,  a  surface  with  coexisting  water  and 
organometall ic  species  may  be  typical  of  a  starting  surface  for  laser  CVD. 

We  initiate  film  growth  (Fig.  1 b-d )  by  illuminating  the  sample  with  KrF 
(248  nm)  laser  radiation  in  the  presence  of  250  mtorr  of  TMA.  The  surface 
vibrational  spectra  in  scans  b  through  d  show  the  result  of  successive 
irradiations  and  three  trends  are  observed.  A  large  increase  in  the  AI-CH3 
content  occurs,  a  broad  background  absorption  begins  to  grow,  and  the  surface 
water  content  is  reduced.  The  broad  background  absorption  most  likely 
indicates  that  we  are  beginning  to  form  a  metallic  film.  We  infer  from  the 
high  surface  methyl  content  that  the  film  is  probably  composed  of 
A1 /Al ( CH3 ) x  clusters.  Unsaturated  A1  in  the  clusters  would  be  highly 
reactive  and  may  be  responsible  for  gettering  the  surface  hydroxyl  groups. 
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To  explore  the  role  that  surface  phase  photodecomposition  plays  in  the  film 
growth  process,  a  sample  chamber  was  evacuated  (<10“®  torr)  after  recording 
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the  spectrum  of  Fig.  Id  and  the  sample  was  irradiated  with  110,000  KrF  laser 
pulses  of  ^15  mj/cm 2.  No  change  in  the  spectrum  due  to  irradiation  is 
observed,  indicating  that  at  248  nm  one  photon  desorption  of  methyl  groups 
occurs  with  cross-section  less  than  -^1 0-22  cm2# 
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Fig.  1(a)  Sample  acid  etched,  baked  at  140°C  for  3  hrs., 
exposed  to  250  mtorr  of  water  and  finally  to 
5  flushes  of  TMA  at  250  mtorr. 

Irradiated  at  248  nm  under  250  mtorr  of  TMA  for 

(b)  3,000  pulses  at  2  mJ/crtr 

(c)  45,000  pulses  at  5-10  mJ/cm? 

(d)  150,000  pulses  at  10-20  mj/cm^ 

(e)  Dosed  with  250  mtorr  of  water  following  (d). 

Note  that  extreme  left  portion  of  scans  indicates  level 
of  zero  absorption. 

Subsequent  exposure  of  this  sample  to  water  vapor  (Fig.  le)  illustrates  two 
important  points.  First,  the  huge  increase  in  water  absorption  reflects  the 
high  surface  area  of  the  film  and,  second,  the  disappearance  of  the  C-H 
feature  confirms  its  having  been  ascribed  to  species  with  Al-C  bonds. 

We  have  demonstrated  monolayer  sensitivity  to  0-H  or  C-H  carrying  molecular 
species  using  a  pulsed  optoacoustic  technique.  Surface  chemistry  has  been 
studied  prior  to  and  during  KrF  laser  CVD  of  A1  from  TMA.  Surprisingly,  we 
observe  that  adsorbed  A1(CH3)X  and  H2O  coexist  on  our  surfaces  prior  to 
deposition.  We  also  find  that  KrF  laser  stimulated  desorption  of  surface 
methyl  groups  does  not  play  a  major  role  in  our  A1  film  growth.  The  growth 
apparently  proceeds  via  cluster  formation  originating  with  gas  phase  photo¬ 
decomposition  of  TMA. 
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Laser- Induced  Selective  Deposition  of  Micron-size  Structures  on 
Silicon  by  Surface  Reduction  of  Tungsten  Hexafluoride 


Y.S.  Liu,  C.P.  Yakymyshyn,  H.R.  Philipp, 
H.C.  Cole  and  L.M.  Levinson, 

General  Electric  Research  and  Development  Center 
Schenectady,  New  York,  12301 


Selective  deposition  of  refractory  metal  and  metal  stctllde 
on  silicon  Induced  by  a  focussed  Argon  laser  beam  Is  reported. 
Micron-size  lines  with  extremely  good  surface  smoothness  were 
observed  at  a  writing  speed  of  7  cm/sec.  Deposition  mechanism 
and  properties  of  fine  structures  are  discussed. 


Recently,  Ehrlich  and  Tsao  (1)  have  reported  the  fabrication 
of  0.2  um  pol l-SI  lines  by  pyrolyttcally  depositing  polys! (Icon 
In  SICI4/H2  vapor  using  an  Argon  laser  beam.  Since  the  rate  of 
chemical  reactions  depends  nonl (nearly  upon  the  local  tempera¬ 
ture,  the  line-width  drawn  was  significantly  narrower  than  the 
laser  beam  size.  This  result  was  significant  In  demonstrating 
the  feasibility  of  writing  sub-micron  structures  with  a  laser 
beam  using  the  nonrec t procal  nature  of  the  I aser-mlcrochemlcal 
processing  technique.  The  writing  speed  of  this  specific  tech¬ 
nique  was,  however,  very  slow. 
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In  this  study,  micron-size  (About  1  micron  has  been  achieved 
to  date.)  lines  were  selectively  deposited  on  silicon  using  a 
focussed  Argon  laser  with  a  beam  spot  size  of  about  20  microns. 
Deposition  was  Induced  by  surface  reduction  of  tungsten  hex¬ 
afluoride  on  silicon.  The  nonlinearity  exhibited  by  localization 
of  the  chemical  reaction  significantly  reduced  the  feature  dimen¬ 
sion  of  deposited  lines  from  the  focussed  laser  spot  size.  At  a 
writing  speed  7  cm/sec,  which  was  limited  by  the  translating 
stage  used  In  the  study,  fine  line  structures  with  excellent 
surface  smoothness  were  obtained.  This  finding  has  demonstrated, 
for  the  first  time,  the  feasibility  of  writing  structures  of 
micron  dimension  at  a  high  speed  with  a  laser  beam. 

The  chemical  pathway  for  tungsten  deposition,  as  reported  In 
several  previous  studies.  Is  believed  to  be  Initiated  via 
surface-reduction  of  tungsten  hexafluoride  by  silicon  at  a  tem¬ 
perature  of  about  350  C.  Higher  temperature  leads  to  the 
formation  of  tungsten  slllclde.  In  thermal  CVD,  hydrogen  Is  used 

for  reducing  tungsten  hexafluoride  to  form  thicker  metal  film. 
(2)  Consequently,  tungsten  hexafluoride  and  silicon  offer  an 
Interesting  system  for  studying  both  surface-  and  gas-  phase 
reaction  kinetics  which  are  frequently  observed  under  a  laser — 
Induced  chemical  vapor  deposition  condition.  Furthermore,  selec¬ 
tive  deposition  of  the  refractory  metal  has  drawn  Increasing 
Interest  for  Its  future  applications  In  VLSI  technology. 
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In  this  paper ,  we  will  examine  the  mechanism  which  leads  to 
the  formation  of  micron  size  structures.  By  using  a  reflectivity 
measurement  technique,  equipped  with  a  scanning  laser  beam  with  a 
spatial  resolution  of  microns,  the  surface  reflectivity  of  fine 
lines  deposited  was  measured  and  compared  with  morphology  exam¬ 
ined  with  NomarskI  micrographs  and  SEM.  In  addition,  the  struc¬ 
ture  and  composition  of  the  deposited  lines  were  analysed  ustng  a 
scanning  Auger  spectrometer.  Formation  of  tungsten  slllclde  was 
observed  and  results  will  be  discussed. 
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Laser-Initiated  Dry  Etching  of  SiC^ 

Jack  0.  Chu,  George  W.  Flynn,  Peter  D.  Brewer,  and  Richard  M.  Osgood,  Jr. 

Columbia  Radiation  Laboratory  and 
Departments  of  Chemistry  and  Electrical  Engineering 
Columbia  University,  New  York,  N.  Y.  10027 

In  general  photochemical  (drying  etching)  process  of  thin  films  based 
on  (UV)  laser-initiated  chemistry  is  difficult  to  investigate  both  mechanis¬ 
tically  and  kinetically.  Some  of  the  most  important  questions  are  concerned 
with  the  photo-formation  of  the  reactive  species  and  their  (reactive) 
chemical  interaction  with  the  surface.  The  UV-laser  assisted  etching  of 
Si02  from  photolysis  of  CI^CHF  is  quite  attractive  for  mechanistic  studies 
of  the  etching  process  because  of  the  relative  simple  (in-situ)  application 
of  IR  (time-resolved)  fluorescence  and  absorption  techniques  to  monitor 
both  the  HF  etchant  and  the  SiF^  products  within  the  gas-surface  system. 

The  strong  oscillator  and  absorption  strength  of  the  HF  molecules  makes  it 
possible  to  monitor  its  photo-production  and  follow  the  subsequent  etching 
reaction  with  the  SiO^  surface.  Moreover,  high  resolution  and  sensitive 
diode  laser  absorption  probes  can  be  used  to  investigate  the  surface 
products  (SiF^,  SiF^,  SiF2  and  SiF)  in  the  gas  phase. 

Photochemical  etching  of  masked  SiC>2  films  has  been  performed  under 
two  laser-substrate  configuration  with  the  incident  laser  beam  being 
parallel  (indirect)  or  perpendicular  (direct)  to  the  sample  surface.  The 
indirect  configuration  serves  mainly  to  probe  the  photochemical  interaction 
of  pure  gas-phase  photodissociation  with  the  surface.  Using  this  orientation 
we  have  measured  the  etched  depth  as  a  function  of  laser  energy  density. 

This  plot  (see  Fig.  1)  essentially  exhibits  a  linear  dependence  with  laser 
power.  In  the  direct-orientation  processing,  the  etched  depth  shows  a 
faster  etch  rate  as  a  function  of  energy  density  (as  expected  from  a 
geometric  consideration),  and  a  linear  dependence  with  the  C^CHF  pressure. 


Infrared  emission  from  HF  molecules  has  been  directly  observed  following 
193nm  photoelimination  of  CI^CHF  in  both  the  absence^  and  presence  of  the 
SiC^  surface. 


(1)  M.J.  Berry  and  G.C.  Pimentel,  J.  Chem.  Phys.  _51,  2274  (1969) 
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Optical  second  harmonic  generation  has  recently  been  shown  to  be  an 
effective  probe  for  surface  studies.  Its  surface  specificity  derives 
from  the  fact  that  the  process  is  generally  forbidden  in  a  bulk  with  in¬ 
version  symmetry  but  always  allowed  at  a  surface  or  interface.  As  an 
optical  technique,  the  method  has  the  advantages  of  being  non-destruc¬ 
tive,  capable  of  ultrafast  time  resolution,  and  applicable  to  interfaces 
between  condensed  media.  We  consider  here  only  applications  of  the 
method  to  studies  of  molecular  adsorption  at  interfaces. 

Molecular  adsorption  at  an  interface  modifies  che  surface  nonlinear¬ 
ity  in  two  ways:  the  adsorbed  molecular  layer  can  be  nonlinear,  and  the 
interaction  between  the  molecules  and  the  substrate  can  effect  a  change 
in  the  surface  nonlinearity.  The  first  mechanism  often  dominates  when 
the  adsorbed  molecules  are  large  and  highly  nonlinear.  We  describe  a 
few  experiments  in  which  second  harmonic  generation  is  used  to  study  ad¬ 
sorption  of  large  organic  molecules  at  air/solid,  liquid/solid,  and  air/ 
liquid  interfaces.  It  is  seen  that  with  this  technique,  the  adsorption 
isotherm,  the  symmetry  of  molecular  arrangement,  the  orientation  of 
molecular  adsorbates,  and  the  orientational  phase  transition  can  all  be 


measured.  Spectroscopic  information  about  the  adsorbates  can  also  be 


obtained.  The  second  mechanism  often  dominates  in  the  case  of  chemi¬ 
sorption  of  small  molecules  on  metals  and  semiconductors.  We  take  CO 
adsorption  on  transition  metals  and  oxidation  of  silicon  as  examples. 
The  experiments  carried  out  in  ultrahigh  vacuum  show  that  the  technique 
can  be  used  to  monitor  the  time  development  of  adsorption  and  desorp¬ 
tion,  and  is  sensitive  to  adsorption  on  different  surface  sites.  Since 
second  harmonic  generation  detects  molecules  left  on  the  surface,  it 
acts  as  a  complimentary  technique  to  thermal  desorpton  spectroscopy  for 
surface  analysis.  Other  possible  applications  and  extensions  of  the 
technique  will  be  discussed. 
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Real-time  Monitoring  of  Surface  Reactions  on  Si(lll)  by  Optical  Second-Harmonic  Generation 

T.  F.  Heinz,  M.M.T.  Loy,  and  W.  A.  Thompson 

IBM  T.J.  Watson  Research  Center,  Yorktown  Heights,  NY  10598 

The  sensitivity  of  optical  second-harmonic  generation  (SHG)  to  atomic  and  molecular 
monolayers  absorbed  on  surfaces  of  centrosymmetric  media  has  now  been  well  established.1 
Recent  work  has  also  demonstrated  the  dependence  of  the  SHG  process  on  the  ordering  and 
symmetry  of  the  surface  region.2  In  this  paper,  we  apply  the  surface  SHG  technique  to  follow 
in  real  time  some  widely  studied  and  technologically  important  reactions  occurring  on  clean, 
well-defined  Si(  111  )-7x7  surfaces.  We  discuss  here  both  the  oxidation  of  the  Si  surface  and 
the  formation  of  thin  layers  of  disordered  and  epitaxial  Pd  silicide. 

Our  experiments  were  conducted  in  a  standard  vac-ion  pumped  ultrahigh  vacuum  chamber 
at  a  base  pressure  of  better  than  10'10  Torr.  Laser  excitation  was  provided  at  1.06/im  by  a 
Q-switched  Nd:YAlG  laser  producing  8  ns  pulses  at  a  10  Hz  repetition  rate.  For  the  measure¬ 
ments  reported  here,  the  reflected  SH  signal  was  collected  with  pump  radiation  striking  the 
sample  at  normal  incidence  and  polarized  along  the  [om  direction  in  the  surface  plane.  The 
pump  energy  was  held  to  <  10  mJ/pulse  in  a  lmm-diameter  spot,  which  was  found  to  be 
sufficiently  low  to  avoid  any  laser-induced  changes  in  the  sample.  The  Si(  111  )-7x7  surfaces, 
prepared  by  annealing  silicon  surfaces  cleaved  in  situ,  were  exposed  to  oxygen  leaked  into  the 
chamber  and  Pd  atoms  evaporated  from  a  resistively  heated  filament. 

The  data  in  Fig.  1  show  the  effect  of  exposure  of  the  Si(  1 1 1  )-7x7  surface  to  02.  The  SH 
signal  (polarized  along  the  [211]  direction)  is  displayed  as  a  function  of  elapsed  time  or, 
equivalently,  of  exposure  in  Langmuirs  since  the  measurement  was  taken  with  02  at  10'6  Torr. 
The  SH  signal  stabilizes  at  a  very  low  level  after  an  exposure  of  =  200  Langmuirs,  as  expected 
for  the  oxidation  of  the  Si  surface  at  room  temperature.  In  Fig.  2,  we  present  the  correspond¬ 
ing  results  for  Pd  deposition.  With  the  aid  of  a  quartz  crystal  monitor,  we  determined  that  the 
rate  of  Pd  mass  depostion  was  0.04  A /sec.  The  SH  signal  is  again  seen  to  fall  sharply  as  the 
surface  layer  of  the  sample  is  modified  during  the  deposition  of  2-3  monolayers  of  Pd.  The 
second  part  of  the  Figure  shows  the  SH  intensity  during  an  annealing  cycle  after  the  Pd 
deposition  has  been  stopped.  The  annealing  process  consisted  of  heating  the  sample  from 
room  temperature  to  400  C  and  then  maintaining  the  sample  at  that  temperature.  Note 
sudden  increase  in  the  SH  signal  to  roughly  20%  of  the  value  for  the  clean  Si(lll)-7x7 
surface. 

For  the  normally  incident  pump  radiation  used  in  these  measurements,  the  surface  can 
contribute  to  the  SHG  only  if  it  lacks  a  center  of  inversion  in  the  plane.  Consequently,  a 
completely  disordered  surface  would  not  exhibit  any  nonlinear  response.  The  dramatic 
decrease  in  the  SH  intensity  observed  during  oxygen  exposure  (Fig.  1)  is  expected  since  the 
oxidation  process  is  known  to  disrupt  the  surface  structure  severely.  The  weak  residual  SH 
signal  remaining  after  oxidation  can  be  attributed  to  the  magnetic-dipole  and  electric- 
quadrupole  terms  in  the  bulk  Si.3  As  indicated  by  the  doited  curve  in  the  Figure,  we  can  fit 
the  observed  SH  signal  quite  well  by  assuming  Langmuir  adsorption  kinetics  and  a  surface 
nonlinear  susceptibility  proportional  to  the  area  of  the  unreacted  portion  of  the  surface.  From 
this  analysis  we  can  deduce  a  sticking  coefficient  for  02  on  the  Si(  111 )-7x7  surface. 


The  decrease  in  the  SH  intensity  during  Pd  deposition  can  also  be  understood  as  the 
result  of  a  disordering  of  the  surface.  It  is  known,  however,  that  an  epitaxial  Pd2Si  layer  can 
be  formed  by  a  mild  thermal  annealing.4  We  associate  the  abrupt  rise  in  the  SH  signal 
observed  upon  heating  the  sample  with  the  creation  of  such  an  ordered  silicide  layer.  These 
data  constitute  what  we  believe  is  the  first  direct  time-resolved  measurement  of  thermally 
driven  surface  ordering  in  silicides.  We  have  also  obtained  results  on  the  symmetry  of  the 
annealed  silicide  layer  by  means  of  an  analysis  of  the  polarization  dependence  of  the  SH 
radiation. 

In  conclusion,  we  have  utilized  the  SHG  technique  to  study  reactions  at  the  surface  of 
Si(lll)-7x7.  Oxidation  of  the  surface  and  the  presence  of  Pd  (both  in  ordered  and  disordered 
phases)  can  be  detected  with  monolayer  sensitivity.  This  optical  method  is  nondestructive  and 
and  should  be  applicable  in  a  wide  variety  of  environments.  As  we  have  demonstrate  here,  the 
technique  is  particularly  well-suited  for  real-time  measurements. 

This  work  was  supported  in  part  by  the  U.S.  Office  of  Naval  Research. 
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Figure  1  SH  signal  from  the  Si(  111  )-7x7  surface  as  a  function  of  exposure  time  to  02 

at  10‘6  Torr.  The  doited  curve  is  a  theoretical  fit  based  on  Langmuir  kinetics. 
SH  signal  during  the  evaporation  of  Pd  and  the  subsequent  thermal  annealing 
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Second  Harmonic  Generation  Studies  of  Adsorption  and  Reorientation  at 

Electrode  Surfaces 

D.F.  Voss,  K.A.  Bunding,  M.  Nagumo,  and  L.S.  Goldberg 
Naval  Research  Laboratory,  Washington,  DC  20375 

Second  harmonic  generation  at  surfaces  (SSHG)  has  recently  been  the 
subject  of  increasing  interest  among  researchers  who  require  a  probe  of 
interfacial  phenomena  that  is  both  surface-specific  and  can  be  utilized  in 
condensed  phase  studies  (see  [1]  and  references  therein).  SSHG  belongs  to  a 
larger  class  of  second  order  nonlinear  optical  processes  that  includes 
optical  rectification,  sum  and  difference  frequency  mixing,  and  the  Pockles 
effect,  all  of  which  are  symmetry  forbidden  in  isotropic  media  (at  least  in 
the  electric  dipole  approximation  [1]).  At  an  interface  between  dissimilar 
media  the  isotropy  which  may  be  present  in  the  bulk  material  is  disturbed, 
and  processes  such  as  second  harmonic  generation  can  occur.  This  property 
is  attractive  for  probing  surface  phenomena  because  only  very  weak  electric 
quadrupole  and  magnetic  dipole  signals  are  generated  in  the  bulk  material. 
Furthermore,  SSHG  is  an  optical  effect  and  requires  only  transparency  of 
the  media  at  the  fundamental  and  harmonic  wavelength,  rather  than  the  more 
stringent  condition  of  ultrahigh  vacuum  imposed  by  electron  and  ion  probes. 

For  these  reasons  several  groups  have  been  employing  SSHG  for  investi¬ 
gations  of  phenomena  occuring  at  electrode  surfaces  [1-3]  which  show  con¬ 
tributions  from  surface  charge  density,  adsorbate  coverage,  and  orientation. 
All  of  the  systems  studied  to  date  have  involved  either  inorganic  electro¬ 
lyte  constituents  or  non  electroactive  organic  species.  We  report  obser¬ 
vations  of  SSHG  of  A, 4 '-bipyridine  (bipy)  on  silver  and  gold  electrodes  [4] 
in  sulfate  solution,  in  which  irreversible  electrochemistry  occurs,  and  in 
perchlorate/phosphate  buffer,  in  which  reversible  electrochemistry  is  seen. 
Formation  of  different  electrochemical  species  and  adsorbate  reorientation 
is  manifested  in  the  SSHG  polarization  dependence. 

In  our  experimental  configuration  the  1.06  um  output  of  a  CW  mode- 
locked  Nd:YAG  laser  is  focussed  onto  the  working  electrode  at  45  degrees 
incidence  angle.  The  532  nm  second  harmonic  signal  is  collected  with  f/1 
optics  and  detected  with  a  photomultiplier.  The  fundamental  beam  is  chopped 
and  the  SSHG  signal  sent  to  a  lock-in  amplifier  to  improve  the  signal  to 
noise  ratio.  The  fundamental  beam  polarization  is  adjustable  and  the  SSHG 
signal  polarization  is  analyzed  before  entering  the  PMT.  The  electrochemical 
cell  is  the  standard  three  electrode  configuration  with  the  working  electrode 
maintained  under  potentiostatic  control  at  all  times  (voltage  referenced  to 
an  Ag/AgCl  electrode  in  3M  KC1  solution).  The  cell  solution  is  bubbled  with 
inert  gas  before  a  voltage  scan  to  remove  dissolved  oxygen  and  the  cell  is 
covered  with  the  gas  during  a  scan  to  keep  the  solution  deaerated. 

SSHG  signals  from  both  evaporated  and  mechanically  polished  bulk  elec¬ 
trodes  were  investigated.  The  SSHG  signal  from  the  smooth  evaporated  gold 
and  silver  electrodes  was  polarized  parallel  to  the  plane  of  incidence  (P- 
polarization)  and  yielded  very  little  signal  polarized  perpendicular  to  the 
plane  of  incidence  (S-polarization) ,  as  expected  [1].  The  mechanically 
polished  electrodes  (0.3  um  alumina),  however,  generated  a  substantial  amount 
of  depolarized  SSHG,  indicating  a  high  degree  of  roughness.  We  are  attemp¬ 
ting  to  correlate  the  depolarization  ratio  with  the  polishing  procedure  to 
better  control  the  surface  preparation. 

An  example  of  SSHG  signals  in  the  presence  of  an  electroactive  species 


(bipy)  on  mechanically  polished  silver  is  shown  in  Fig.  1.  10  mil  of  bipy 

was  dissolved  in  0.1  M  sodium  sulfate,  yielding  the  cyclic  voltammogram  in 
Fig.  1A.  The  scan  was  started  at  -0.5  V  (vs.  Ag/AgCl)  and  swept  at  10  mV/sec 
between  -1.2  V  and  0.0  V.  On  the  cathodic  sweep  reduction  of  the  bipy  is 
seen  [4]  at  -1.2  V,  while  the  anodic  sweep  shows  a  complex  irreversible 
oxidation  between  -0.7  V  and  -0.4  V.  The  corresponding  SSHG  signals  for 
different  input  laser  polarizations  are  shown . in  Figs.  IB  (P-polarization) 
and  1C  (S-polarization) .  The  signal  is  maximum  at  -0.6  V  in  both  cases 
(possibly  indicating  adsorption  of  the  organic  species  at  the  potential  of 
zero  charge)  during  the  cathodic  sweep  and  decreases  to  a  minimum  at  -1.1  V 
at  the  onset  of  the  first  one-electron  reduction  of  the  bipy.  During  the 
anodic  sweep  the  signal  is  diminished  but  shows  an  interesting  polarization 
dependence,  possibly  a  voltage  dependent  reorientation  of  the  adsorbate  or 
formation  of  different  electrochemical  species  on  the  electrode. 


Fig .  1 .  A:  Cyclic  voltammogram  of 
10  mM  bipy  in  sulfate  on  Ag. 

B:  SSHG  signal  for  P-polarized 
input.  C:  SSHG  signal  for  S- 
polarized  input. 
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Many  chemical  and  physical  processes  that  occur  at  solid  interfaces  may 
be  better  understood  from  the  measurement  of  energy  flow  within  adsorbate  and 
substrate  vibrational  modes.  In  order  for  a  chemical  transformation  to  occur 
along  a  reaction  coordinate,  for  example,  specific  molecular  bond  vibrational 
excitation  followed  by  dissociation  and  reformation  is  required.  With  the 
advent  of  ultrashort  optical  pulse  technology,  we  are  now  in  a  position  to 
directly  monitor  the  ultrafast  kinetics  of  energy  decay  of  vibrational  modes 
in  condensed-phase  molecular  systems.  While  such  measurements  have  been 
conducted  for  gas  and  liquid  phase  systems,  there  have  been  no  previous 
reports  of  measurements  of  energy  relaxation  in  chemically  relevant  surface 
species.  We  have  thus  undertaken  a  course  of  research  to  directly 
investigate  the  vibrational  relaxation  dynamics  of  molecules  adsorbed  on  high 
surface  area  metal  oxides. 

An  infrared  pump/probe  method  using  tunable  picosecond  pulses  has  been 
used  to  measure  the  vibrational  population  decay  rates  (T^1)  of  ground 
electronic  state  v=1  vibrational  modes.  Our  initial  measurements  were 
conducted  on  the  surface  hydroxyl  group  (-0H)  bound  to  colloidal  fumed  silica 
( 1 20 A  diameter  particles  with  200  m2/gm  surface  area)  dispersed  in  liquid 
CCl^  at  room  temperature.  Such  samples  exhibit  strong  infrared  absorptions 
in  the  3000-4000  cm-1  region  which  arise  from  the  isolated  SiOH  group  (3691 
cm-1  with  50  cm-1  FWHM)  and  molecular  physisorbed  water  (-3400  cm-1).  The 
surface  hydroxyl  v=0-»1  transition  was  excited  with  a  strong  IR  pulse  which 
transferred  about  10?  of  the  population  to  the  v=1  level.  As  the  population 
relaxes,  the  transient  increase  in  sample  transmission  (T)  returns  to  its 
steady-state  value  (TQ).  The  transmission  of  a  second  weak  IR  pulse  as  a 
function  of  time  i3  therefore  a  measure  of  the  v=1  T^  lifetime.  It  was 
found  that  the  v=1  population  for  isolated  surface  OH  groups  on  silica  in 
CCljj  decays  exponentially  with  a  character istic  lifetime  of  T-|  =  150  ps,  or 
roughly  10^  vibrational  periods. 

The  above  experiment  measures  only  the  v=1  T1  lifetime  of  the  highly 
anharmonic  OH  oscillator  on  the  silica  surface.  It  does  not  ascertain  where 
the  energy  flows  or  by  what  mechanism( s) .  Studies  of  OH  on  silica  in  vacuum 
(pressed  disk),  with  coadsorbates  and  in  various  organic  solvents  have  also 
been  performed.  Additional  measurements  of  the  -SiOD,  -SiNH2  and  -SiOCH^ 
species  and  of  BCl^  (-B0H)  modified  silica  have  revealed  that  the  dominant 
relaxation  pathway  is  most  likely  through  local  vibrational  modes  of  the 
adjacent  surface  subunit  (the  SiO^  tetrahedron). 


While  the  precise  mechanism  for  surface  vibrational  relaxation  of  these 
systems  is  unclear  at  present,  it  appears  that  the  presently  known  T1 
lifetimes  for  surface  species  on  silica  may  have  chemical  importance.  It 
will  be  argued  that  vibrational  energy,  which  apparently  remains  localized 
for  periods  longer  than  molecular  reorientation  and  gas  or  liquid  phase 
reactant  diffusion  can  become  available  fcr  surface  reaction. 

Supported  in  part  by  the  Air  Force  Office  of  Scientific  Research. 
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Survival  of  Vibrarionally-Excited  Nitric  Oxide  Scattered  from  UF(100)  Surface:  Angular  and 
Velocity  Analysis 

J.Misewich,  H.  Zacharias,  and  M.  M.  T.  Loy 

IBM  T.J.  Watson  Research  Center,  Yorktown  Heights,  NY. 

The  role  of  internal  energy  in  the  scattering  of  molecular  beams  from  surfaces  has  recently 
attracted  much  attention.1'3  Most  of  these  experiments  however  are  confined  to  the  scatter¬ 
ing  of  molecules  distributed  over  the  lowest  few  rotational  levels  of  the  ground  vibrational 
state.  In  the  experiments  presented  here,  laser  spectroscopic  techniques  are  utilized  to  perform 
state-to-state  molecular  beam  scattering  experiments.  Two  laser  beams  intersect  l.ie  molecular 
beam:  tunable  infrared  laser  radiation  excites  the  incident  molecular  beam  to  a  single 
vibrational-rotational  state  then  tunable  ultraviolet  laser  radiation  state-selectively  probes  the 
molecular  beam  through  two  photon  resonance  enhanced  ionization.  The  beam  of  vibrationally 
excited  molecules  is  well  defined  in  time  allowing  the  direct  determination  of  velocity  distribu¬ 
tions  for  a  laser-selected  state  by  taking  time-of-  flight  spectra  at  various  probe  laser  positions. 
We  report  here  the  angular  and  velocity  distribution  of  vibrationally  excited  molecules  that  we 
have  observed  surviving  the  collision  with  a  freshly  cleaved  LiF(lOO)  surface. 

The  apparatus  used  in  this  experiment  has  been  described  previously.4  Briefly,  a  superson¬ 
ic  expansion  beam  of  10%  NO  seeded  in  Helium  (total  backing  pressure  450  torr)  is  collimat¬ 
ed  by  a  skimmer.  The  molecular  beam  is  crossed  by  tunable  infrared  radiation  produced  by 
difference  frequency  mixing  in  a  lithium  iodate  crystal  of  ~590nm  output  of  a  Nd:YAG- 
pumped  dye  laser  and  532nm  second  harmonic  of  the  Nd:YAG  fundamental.  The  infra-  red  is 
tuned  to  the  Rn(J"=l/2)  line  at  1876.076  cm'1  to  populate  a  single  rotational  state 
(v’«l,J’«3/2,  Q'«1/2).  Resonantly  enhanced  ionization  via  the  X— >A  y(0-0)  and  y(l-l) 
bands  was  used  to  state  specifically  detect  the  NO  molecules.  The  tunable  UV  (224  nm)  was 
produced  by  frequency  doubling  the  output  of  a  XeCl  excinter  pumped  dye  laser  in  potassium 
pentaborate. 

LiF(lOO)  was  prepared  for  this  experiment  by  making  a  fresh  cleave  just  prior  to 
pumpdown  of  the  vacuum  system.  In  a  SIMS  investigation  of  air  cleaved  and  vacuum  cleaved 
LiF  surfaces,  Estel  et.  al.  5  have  shown  that  LiF  cleaved  in  air  and  then  mounted  in  a  vacuum 
system  and  pumped  down  exhibit  only  contaminations  far  below  the  monolayer  regime. 

Figures  1  and  2  show  the  ionization  signal  as  a  function  of  the  delay  time  between  the 
IR  excitation  pulse  and  the  UV  probe  pulse.  Both  laser  pulses  are  on  the  order  of  a  few 
nanoseconds;  the  microsecond  time  scale  of  the  experiment  is  determined  by  the  overlap  of  the 
laser  and  molecular  beams.  As  shown  in  figure  1,  this  arrangement  produces  an  effective 
molecular  beam  pulse  of  about  2  microseconds  FWHM.  This  allows  for  direct  velocity  analysis 
of  the  incident  and  scattered  molecular  beams  by  simply  taking  time-of-flight  spectra  at 
different  probe  laser  positions.  An  analysis  of  time  of  flight  data  indicates  an  incident  velocity 
of  1.42  x  105cm/sec  and  a  scattered  radial  velocity  at  the  specular  angle  (45  deg)  of  1.1  x  10s 
cni/sec.  Further,  the  angular  distribution  was  found  to  be  narrow  and  specular  as  illustrated  in 
figure  3.  These  angular  and  velocity  distributions  indicated  that  the  magnitude  of  the  compo¬ 
nent  of  momentum  parallel  to  the  surface  decreased  by  30%,  about  the  same  amount  as  that 
of  the  normal  component.  Thus,  the  simple  cube  model  clearly  cannot  describe  this  process. 


The  importance  of  using  freshly  cleaved  LiF(lOO)  surfaces  is  dramatized  in  experiments 
previously  reported  in  which  polished  LiF  was  used.4  In  those  experiments,  no  vibrationally 
excited  molecules  were  seen  in  the  scattered  beam  implying  that  perhaps  impurities  left  over 
from  the  polish  led  to  trapping  of  vibrationally  excited  molecules  and  deactivation. 

UV  spectra  were  taken  at  fixed  time  delay  with  the  IR  on  and  the  IR  off,  the  difference 
of  which  was  analyzed  to  give  the  rotational  distribution  for  v»l  to  v->  1  scattering.  Analysis 
of  these  data  should  yield  the  survival  probability  for  the  vibrationally  excited  NO  molecules 
scattering  from  the  LiF  surface. 

This  work  was  supported  in  part  by  the  Office  of  Naval  Research. 
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Electroreflectance  vibrational  spectroscopy  (EVS)  is  an  infrared 
technique  for  obtaining  extremely  high  resolution  spectra  of  adsorbed 
species.  Light  from  a  tunable  infrared  diode  laser  is  reflected  from  an 
adsorbate  covered  surface  to  a  detector.  The  reflected  light  is  modu¬ 
lated  by  using  a  large  electric  field  to  shift  adsorbate  vibrational 
frequency  -  the  Stark  effect.  Sensitivity  to  fractional  modulation  as 

_g  “1/2 

low  as  2x10  Hz  ,  near  the  shot  noise  limit,  is  obtained.  The  high 

sensitivity  and  zero  background  nature  of  EVS  also  allow  absolute 

measurements  of  the  Stark  tuning  rate  to  be  made. 

Measurement  of  the  Stark  tuning  rate  of  adsorbed  species  allows 

frequency  shifts  observed  in  vibrational  spectra  due  to  changes  in 

microscopic  electric  field  to  be  interpreted.  One  example  of  such  a 
5  6 

shift  is  seen  ’  with  CO  on  the  Pt  to  aqueous  electrolyte  interface  as 
the  potential  difference  between  the  electrode  and  electrolyte  is 

7 

varied.  The  observed  shift  can  be  quantitatively  predicted  from  the 
measured  Stark  tuning  rate  for  CO  on  Ni[110]#  the  differential  capaci¬ 
tance  of  the  interface,  and  the  dielectric  constant  of  oriented  water 

g 

molecules  at  the  interface.  Similar  shifts  are  also  observed  with 

surface  enhanced  Roman  scattering.  Microscopic  electric  fields  at  the 

9 

solid-vacuum  interface  are  also  large  enough  to  significantly  influence 
vibrational  spectra. 

In  the  talk,  recently  obtained  EVS  spectra  of  CO  on  Ni[100]  will  be 
presented  together  with  a  measurement  of  the  Stark  tuning  rate  of  CO  on 
this  surface.  Recent  improvements  in  the  system  we  use  to  obtain  EVS 
spectra  will  be  described.  The  theory  of  EVS  and  the  vibrational  Stark 
effect  will  also  be  discussed,  including  the  effect  of  the  vibration  not 
being  oriented  along  the  surface  normal  and  estimates  of  the  vibrational 
Stark  effect  for  H  on  Ni[100]  and  0  on  Pt[111],  1.2x10~7  and  2.4x10~7 
cm  V(V/cm)  respectively. 
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It  has  been  recently  suggested  that  many  structures  in  nature  have 
fractal  geometries:  polymers*,  diffusion  limited  aggregates^,  sandstones^, 
Vycor  glasses4  and  various  irregular  surfaces5.  Avnir  et  al.5,6  have 
demonstrated  that  for  porous  surfaces  the  concept  of  surface  area  is  not 
meaningful.  The  area  as  measured  by  molecular  adsorption  changes  with  the 
size  of  the  adsorbate  molecules  (the  yardsticks).  It  has  been  proposed5,6 
that  many  porous  surfaces  are  characterized  by  their  fractal  dimension  d  in  a 
way  which  relates  the  number  of  adsorbed  molecules  to  their  cross  sectional 
areas  (yardstick  sizes),  o. 


n  «  a"d/2,  d  >  2.  (1) 

There  have  been  only  a  few  works^"^  which  study  the  dynamics  of  molecules 
adsorbed  in  Vycor  glasses  and  on  porous  silica  gels.  However  no  attempt  has 
been  made  to  relate  the  observations  to  a  geometrical  parameter. 
Interestingly  enough  both  porous  Vycor  and  porous  silica  gel  have  been 
proposed  as  fractal  systems.4,5 

In  this  presentation  we  introduce  the  fractal  concept  as  a  model  for 
tortuous,  porous  structures  and  study  theoretically  and  experimentally 
diffusion  and  reaction  of  molecules  restricted  to  move  on  fractal 
structures.  We  show  that  the  geometry  drastically  affects  the  transport  and 
kinetic  properties  of  the  molecules.  ,c  We  consider  two  limiting  cases: 
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(1)  Direct  reaction  between  a  donor  molecule  and  acceptor  molecules  on  a 
fractal  structure  which  might  apply  for  electronic  energy  transfer  among  the 
adsorbates.  This  reaction  depends  on  the  fractal  dimension  d.  Direct 
transfer  among  adsorbates  in  porous  Vycor  has  been  recently  interpreted  in 

terms  of  this  model (2)  Indirect  process  in  which  the  molecules  (or 

excitations)  diffuse  along  the  structure.  Here  both  the  molecules  and  the 
reaction  depend  on  the  spectral  dimension  d,  which  describes  the  connectedness 
of  the  tortuous  structure. 

We  present  results  on  the  properties  of  excited  adsorbates  on 

silica-gel  surfaces^  and  in  Vycor  glasses  and  discuss  the  effects  of  the 

geometrical  restriction  in  terms  of  the  fractal  model. 
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Electronic  Spectroscopy  and  Relaxation  Dynamics 
of  Adsorbates  on  Metal  Surfaces 
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Information  on  the  nature  and  non-radiative  decay  of  electronically  excited 
states  of  adsorbates  is  essential  for  the  microscopic  understanding  of  a  variety 
of  surface  dynamical  processes. 


Here  we  present  spectroscopic  results,  obtained  by  electron  energy  loss  and 
optical  techniques,  on  the  valence^1)  and  core*2*  excitations  of  adsorbates  on 
metals.  The  observed  changes  in  the  excitation  energies  of  intraadsorbate 
transitions  are  explained  in  terms  of  electronic  structure  changes  induced  by 
the  interaction  with  the  substrate.  Ab-initio^  and  model  Hamiltonian 
calculations^4*  are  used  to  deduce  these  changes.  Thus,  a  satisfactory  descrip¬ 
tion  is  obtained  for  a  wide  variety  of  adsorption  systems  ranging  from  physi- 
sorbed  noble  gases  to  chemisorbed  CO.  Particular  emphasis  is  placed  on  the 


excitations  of  chemisorbed  CO  since  this  system  has  long  been  considered  as  a 
prototype  in  chemisorption  studies.  Thus,  it  is  shown  that  unlike  previous 
suggestions,  the  low-lying  excitations  of  chemisorbed  CO  are  not  all  of  a 
charge-transfer  nature  and  that  the  intramoleculare  valence  excitations  are 
within  ±0.5eV  of  the  corresponding  free  CO  excitations.  A  similar  behavior 
is  seen  in  the  spectra  of  other  adsorbates  A  simple,  general  interpretation  is 
provided  for  these  surprising  results.  We  also  demonstrate,  by  studying  the 
electronic  excitations  of  aromatic  hydrocarbons  on  transition  metals,  that  the 
excitations  of  the  free  molecule  do  not  always  have  a  direct  analogue  in  the 
adsorbed  phase. This  observation  has  significant  implications  in  the 
analysis  of  optical  processes  such  as  surface  enhanced  Raman. 

Besides  the  modified  intraadsorbate  excitations,  new  excitations  of  a  charge- 
transfer  nature  develop  upon  adsorption.  Such  excitations  are  documented  in 
the  case  of  aromatic  hydrocarbons  on  both  noble  and  transition  metals. 

In  addition  to  the  spectral  shifts  and  intensity  changes,  the  adsorbate  spectral 
bands  are  strongly  broadened  (dumped)  by  the  interaction  with  the 
substrate. (7)  Three  different  decay  mechanisms  are  considered:  (A)  Field 
coupling  of  the  adsorbate  and  substrate  excitations;  (B)  excited  adsorbate  -*• 
substrate  resonance  electron  transfer;  and  (C)  auger  decay.  The  range  of 
applicability  and  strength  of  these  decay  mechanisms  are  discussed,  and 
comparison  is  made  with  observed  spectral  lincshapes.  It  is  concluded  that,  in 
general,  non-radiative  decay  at  metal  surfaces  is  ~10s-106  times  faster  than 
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radiative  decay,  yielding  lifetimes  in  the  range  of  1  O'14- 10' 15  sec.  The 
implications  of  the  fast  non-radiative  decay,  ground  state  charge  transfer,  and 
metallic  screening  on  the  photochemistry  and  photodesorption  of  adsorbates  is 
discussed. 
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During  the  last  decade  atomic  and  molecular  beam  techniques  have  been  of 
great  help  for  investigating  the  dynamics  of  atom  or  molecule-surface 
interaction.  As  long  as  atoms  are  involved  in  the  interaction  process,  the 
measurements  of  angular  and  velocity  distributions  provide  sufficient  in¬ 
sight.  When  molecules  are  scattered,  however,  additional  information  on 
changes  of  the  internal  energy  is  necessary.  Recently,  the  laser-induced 
fluorescence  method  and  resonance  ionization  in  combination  with  time-of- 
flight  measurements  were  successfully  used  to  determine  the  influence  of 
surface  interaction  on  the  energy  distribution  between  translational,  rota¬ 
tional,  vibrational  and  electronic  excitation  (see  references  [1,2]  for  a 
survey  on  the  published  work).  The  laser  experiments  lead  to  a  complete 
description  of  the  dynamics  of  the  molecule-surface  interaction. 


In  the  talk  the  scattering  of  NO  molecules  from  different  solid-state  sur¬ 
faces  performed  in  our  laboratory  is  discussed  in  detail  [1,2,3].  In  the 
experiments  a  supersonic  beam  of  NO  molecules  was  scattered  from  clean 
and  well-characterized  surfaces  (mainly  pyrographite  and  platinum).  The 
scattered  molecules  were  investigated  by  laser-induced  fluorescence  in 
order  to  determine  the  distribution  of  the  energy  among  the  different 
internal  degrees  of  freedom.  The  resonance  ionization  and  time-of-flight 
measurements  give  the  state  selective  and  scattering  angle  dependent 
translational  energy. 


The  NO/Pt  system  shows  trapping/desorption  behaviour  for  all  surface 
temperatures  T  ,  with  full  rotational  accommodation  at  low  T  and  in¬ 
complete  rotational  accommodation  at  higher  T  .  This  behaviour  together 
with  the  complete  velocity  accommodation  for  6~ie  whole  temperature  range 
investigated  (100  K  -  800  K)  can  be  explained  by  the  long  residence  time 
of  the  molecules  on  the  surface  and  the  desorption  of  the  molecules  from 
the  state  of  a  hindered  rotor  (fixed  on  the  surface)  to  that  of  a  free 
rotor.  At  lower  T  the  surface  is  covered  with  NO  molecules,  leading  to 
scattering  of  the  incoming  particles  at  the  relatively  low  precursor  potential. 
This  process  does  not  result  in  trapping  of  the  molecules  but  nevertheless 
leads  to  a  long  residence  time  and  to  full  rotational  and  translational 
accommodation . 

The  NO/graphite  system  at  sufficiently  low  surface  temperatures  (<  300  K) 
can  be  characterized  by  two  scattering  channels.  One  leads  to  scattered 
molecules  in  a  lobular  angular  distribution,  peaked  near  the  direction  for 
specular  reflection,  with  a  mean  velocity  slightly  smaller  than  the  velocity 
of  the  incoming  beam;  the  other  yields  diffusively  scattered  molecules  in  a 
cosine  angular  distribution  with  a  much  lower  mean  velocity.  The  rotational 
temperatures  T  derived  from  the  Boltzmann-like  rotational  energy  distri¬ 
butions  of  theseiwo  groups  of  scattered  molecules  are  slightly  different 
but  close  to  the  surface  temperature.  The  rotational  and  translational  energies 


are  not  in  thermal  equilibrium.  At  high  T^  the  diffusively  scattered  part 
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disappears  and  becomes  smaller  than  T  .  There  is  a  net  momentum 

transfer  to  the  molecules  scattered  in  the  normal  direction,  and  at  suffi¬ 
ciently  high  surface  temperatures  the  molecules  can  gain  a  net  translational 
energy  from  the  surface  in  the  quasi -specular  direction. 

To  summarize  the  results  on  the  overall  energy  balance  for  the  NO/ 
graphite  system,  it  is  found  that  the  diffusively  scattered  NO  molecules 
gain  some  rotational  energy,  but  transfer  much  more  translational  energy 
to  the  surface,  so  that  the  energy  balance  is  highly  negative.  For  the 
specularly  scattered  molecules,  the  energy  loss  and  gain  are  nearly 
balanced  at  low  surface  temperatures,  but  with  increasing  T  the  trans¬ 
lational  energy  of  the  scattered  molecules  increases  while  the  rotational 
energy  stays  constant,  resulting  in  a  substantial  energy  transfer  from 
the  surface  to  the  scattered  NO  molecules. 
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The  absorption  of  a  monolayer  of  amphiphilic  or  surfactant  molecules 
onto  a  surface  can  dramatically  affect  a  number  of  the  macroscopic  properties 
of  that  surface.  These  properties,  such  as  wetting  by  a  fluid,  lubrication  of 
the  solid,  or  chemical  reactions  of  the  surface,  are  of  fundamental  as  well  as 
technological  importance.  Our  studies  have  focussed  on  the  molecular  scale 
structure  of  these  monolayers  and  have  attempted  to  probe  how  the  structure 
depends  on  the  deposition  process  used  to  absorb  the  monolayers.  Further,  by 
studying  the  molecular  aspects  of  surfactant  coated  surfaces,  we  hope  to  gain 
insight  into  the  nature  of  wetting  and  the  other  macroscopic  phenomena  which 
are  profoundly  affected  by  the  presence  of  the  surfactant  monolayer. 

Our  studies  have  centered  on  three  aspects  of  the  molecular 
structure  of  the  surfactant  monolayers;  coverage,  molecular  conformation,  and 
long  range  order.  We  have  begun  to  examine  how  these  three  structural 
properties  affect  the  wetting  of  the  interface.  In  our  UHV  studies,  we  have 
found  that  the  low  energy  nature  of  these  hydrocarbon  surfaces  makes  ex-situ 
dosing  of  the  surfactant  entirely  compatible  with  UHV  probing  of  the  surface 
composition.  Using  Auger  spectroscopy,  we  have  determined  the  number  of 
hexadecyl  mercaptan  (C15H33-SH)  molecules  which  adsorb  on  a  silver  surface. 

For  this  system,  the  surface/head  group  bond  dominates  the  tail /tail 
interaction  in  the  adsorption  process.  At  low  surfactant  coverages,  the 
surface  is  wet  by  both  polar  and  nonpolar  fluids.  At  higher  coverges,  the 


surface  rejects  both  types  of  fluids.  In  addition,  we  have  obtained 
vibrational  spectra  of  the  adsorbed  molecules  using  surface-enhanced  Raman 
scattering.  From  this  measurement,  we  have  learned  that  in  the  presence  of 
air  or  nonwetting  fluid  overlayers  the  adsorbed  surfactant  layer  exhibits 
molecular  conformation  similar  to  that  in  the  solid,  bulk  material.  However, 
conformational  changes  occur  in  the  alkyl  chain  of  the  adsorbed  molecules  when 
they  are  contacted  by  fluid  overlayers  that  wet  the  surface.  Finally, 
transmission  electron  diffraction  has  revealed  long-range  order  in  Langmuir- 
Blodgett  monolayers  of  barium  stearate  on  carbon  substrates.  These  monolayers 
are  poorly  crystalline  and  collapse  to  bulk  crystallites  of  the  salt  under 
electron  bombardment. 
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Above-Bandgap  Polarization  Anisotropies  in  Cubic  Semi¬ 


conductors:  A  Visible-Near  uv  Probe  of  Surfaces 

D.  E.  Aspnes 

Bell  Communications  Research,  Inc.,  Murray  Kill,  N.J.  07974 


Recent  work  on  the  0.5  eV  below-bandgap  surface  state 
on  2xl-<lll>  Si  cleaved  in  ultrahigh  vacuum  showed  strong 
polarization  anisotropy  in  near-normal  incidence  absorptance 
and  reflectance  measurements . 1 ' 2  The  present  work  describes 
the  first  experiments  undertaken  to  systematically  study 
anisotropies  in  the  above- bandgap  reflectance  of  cubic  semi¬ 
conductors.  An  experimentally  simple  configuration  is  used, 
wherein  the  sample  is  rotated  while  being  illuminated  with 
near-normal -incidence  linearly  polarized  light  and  the  se¬ 
cond  harmonic  of  the  mechanical  rotation  frequency  in  the 
reflected  beam  is  phase-sensitively  detected  and  determined 
as  a  function  of  photon  energy. 

Surprisingly  large  anisotropies,  of  the  order  of  1*  in 
the  relative  reflectance  differences,  are  observed.  Owing 
to  the  approximately  isotropic  nature  of  the  optical  proper¬ 
ties  of  the  bulk  material,  these  anisotropies  are  found  to 
be  particularly  sensitive  to  surface  conditions.  Contribu¬ 
tions  from  physisorbed  molecules,  microscopic  roughness. 
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anisotropic  surface  films  and  oxides,  surface  asperities, 
and  spatial  dispersion  effects  in  the  bulk  can  all  be  iden¬ 
tified. 

t 

The  bromination  of  clean  <110>  Ge  surfaces  by  3  vol.  k 
Br  in  methanol  produces  an  anisotropic  optical  absorption 
band  overlapping  exactly  the  absorption  band  of  molecular 
Br2«  The  sign  of  the  reflectance  change  shows  that  the 
physisorbed  Br  must  lie  predominantly  perpendicular  to 
< 1 10> ,  with  oscillator  strength  apparently  enhanced  by  the 
presence  of  the  surface.  Oxide  growth  and  removal  on  <110> 

-  Si  and  Ge  surfaces  and  on  <001>  GaAs  and  GaP  surfaces  causes 

) 

I 

large  changes  in  the  anisotropy  spectra  which  are  not  yet 
understood.  The  predominant  bulk  process  contributing  to 
the  reflectance  anisotropy  for  <110>  surfaces  is  identified 
as  fourth-rank  spatial  dispersion  describable  by  a  perturba¬ 
tion  approach  and  found  to  be  strongly  enhanced  relative  to 
previously  measured  below-bandgap  anisotropies  due  to  van¬ 
ishing  denominators  in  the  perturbation  expansion. 

When  completely  understood,  polarization  anisotropy 
measurements  may  be  an  important  means  of  obtaining  informa¬ 
tion  about  surfaces  of  cubic  materials  under  non-uhv  condi¬ 
tions. 


Ip.  Chiaradia,  A  Cricenti,  S.  Selci,  and  G.  Chiarotti,  Phys. 
Rev.  Lett.  52,  1145  (1984). 

2«.  Olmstead  and  N.  Amer,  Phys.  Rev.  Lett.  52.,  1148  (1984). 
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UV-Laser  Photodeposition  of  Patterned  Catalyst  Films  from  Adsorbate  Mixtures* 

D.  J.  Ehrlich  and  J.  Y.  Tsao** 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173-0073 

It  has  been  demonstrated  in  recent  studies  that  laser-induced  photochemical 
modifications  of  surface  properties  can  be  used  in  combination  with  nonlinear 
kinetics  and  interfacial  chemistry  for  maskless  patterning  of  thin  films  by 
selected-area  growth. V/ith  one  exception,^  these  new  techniques  have 
relied  on  photochemical  lowering  of  surface-tension  barriers  to  physical 
condensation,  e.g. ,  prenucleation;  laser-modification  of  chemical  surface 
properties  will  have  practical  advantages  over  the  use  of  physical  barriers, 
particularly  on  surfaces  with  previously  defined  structures  and  crystalline 
defects. 1  In  this  paper  we  describe  a  study  in  which  chemical  catalysts  have 
been  prepared  by  local  photochemical  reaction  under  UV-laser  irradiation.  Thin 
(monolayer)  films  of  these  laser-deposited  surface  agents  are  shown  to 
predispose  surfaces  to  "spontaneous"  polymerization  of  ethylene  or  acetylene  on 
exposure  to  these  monomer  vapors.  The  UV-laser  deposition  reaction  for 
preparation  of  these  catalysts  involves  a  greater-than-unity-order  reaction  in  a 
mixed-component  adsorbed  layer  of  TiCl4  and  A^fCh^Jg.  The  method  is 
far  more  efficient  than  direct  radiation-dri ven  polymerization,  and  is  of 
particular  interest  as  a  method  for  the  patterning  of  easily  oxidized  polymers, 
many  of  which  are  difficult  or  impossible  to  pattern  by  lithographic  methods. 

The  laser-deposited  materials  of  this  study  are  closely  related  to  the 
Ziegler-Natta  catalysts  employed  widely  in  the  manufacture  of  hiqh-molecular- 
weight  polymers  from  hydrocarbon  solution.  The  active  agent  in  these  catalysts 
is  a  Ti-halide/metal-alkyl  conplex.  In  the  present  application,  laser 
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photochemistry  in  room-temperature  adsorbates  is  used  to  prepare  similar 
catalysts,  as  films,  in  substitution  for  the  conventional  preparation  by  bulk 
reaction  in  solution  at  elevated  temperature.  The  chemical  kinetics  of  catalyst 
formation  have  been  studied  by  real-time  optical  transmission  and  quartz-crystal 


microbalance  methods,  both  of  which  are  sensitive  to  submonolayer  coverages. 


TIME  (S) 

Fig.  1  Quartz-crystal  microbalance  trace  showing  adsorption  of  Ti CI4  and 
Al2(CH3)g  (at  times  1  and  2,  respectively)  on  a  well-pumped 
hydroxylated  surface,  followed  by  193-nm  excimer-1 aser  deposition  (between 
3  and  4)  and  polyethylene  growth  (from  5  to  later  times). 
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Chlorine  Surface  Interactions  and  Laser  Induced 


Surface  Etching  Reactions 

W.  Sesselmann  and  T.J.  Chuang 
IBM  Research  Laboratory,  K33/281 
5600  Cottle  Road,  San  Jose,  CA  95193 

It  is  by  now  quite  well  established  that  photon  beams,  in  particular  lasers,  can 
be  used  to  induce  or  enhance  chemical  reactions  between  a  gas  and  a  solid  surface 
[1].  Also,  recent  advances  in  applications  of  lasers  to  perform  chemical  etching  and 
vapor  deposition  have  raised  firm  expectation  that  the  laser  technique  may  have 
significant  impact  on  processing  materials  for  microelectronics  [2].  In  laser 
induced  chemical  etching  of  solids,  the  fundamental  surface  processes  include  the 
reaction  between  the  adsorbate  and  substrate  and  the  vaporization  of  product 
species.  In  order  to  better  understand  the  radiation-gas-surface  interaction  mecha¬ 
nisms,  we  have  carried  out  experiments  with  ESCA  and  Auger  depth  profiling,  and 
time-resolved  mass  spectrometry  in  conjunction  with  laser  irradiation  of  solid 
surfaces.  Specifically,  we  have  investigated  Si/Cl2,  Ni-Fe/Cl2,  and  Ag/Cl2 
systems. 

The  behavior  of  chlorine-surface  interactions  for  these  metal  and  semiconduc¬ 
tor  systems  can  be  divided  into  two  classes.  For  Si  and  Ni-Fe  alloys  exposed  to 
Cl2,  chemisorption  is  followed  by  formation  of  passivated  surface  layers  and  for 
Ag/Cl2  chlorine  diffuses  into  the  bulk  of  the  solid.  Thus,  it  is  quite  interesting  to 
study  and  compare  the  laser  etching  behavior  of  these  systems.  Our  experiments 
show  that  etching  can  occur  by  uv  and  visible  laser  irradiation  of  the  solid  sur¬ 
faces.  However,  the  mechanisms  for  the  photo-enhanced  reactions  can  be  quite 


different  for  different  systems.  For  Si  excitation  of  electrons  and  holes  by  photons 
with  higher  than  band  gap  energy  can  be  important.  A  distinct  difference  in 
etching  rates  for  n-type  and  p-type  Si  is  observed  using  uv-radiation.  For  metals 
chlorine  diffusion  and  chloride  formation  to  weaken  the  metal-metal  bond  is 
crucial  for  the  kinetics  of  the  radiation-assisted  etching  processes.  The  etch  rate 
dependence  of  Ni-Fe  alloys  as  a  function  of  Fe  concentration  has  been  studied.  The 
observed  etch  rate  apparently  increases  with  Fe  concentration,  although  the 
proportionality  seems  to  be  slightly  sublinear. 

The  chlorine  adsorption  and  diffusion  behavior  on  Ag  has  been  investigated  by 
ESCA  and  Auger  depth  profiling  for  varios  chlorine  exposure  times  and  pressures 
up  to  ITorr.  The  chlorinated  surface  layer  may  be  represented  as  AgClx  with  x 
being  less  than  1.  Apparently,  as  long  as  Ag  is  present  under  the  surface  layer,  Ag 
can  diffuse  through  the  AgCl-containing  layer  to  the  surface  for  further  reaction 
with  chlorine  from  the  gas  phase.  In  spite  of  the  incomplete  surface  chlorination 
exposure  of  the  surface  to  uv  or  visible  radiation  results  in  efficient  etching  of  the 
metal.  This  means,  while  surface  chlorination  is  essential  for  laser  etching  to  take 
place  at  pulse  intensities  of  about  lOMW/cm^,  complete  AgCl  formation  is  not 
necessary.  Based  on  our  time-resolved  mass  spectrometry  experiments  it  is  sug¬ 
gested  that  also  non-thcrmal  radiation  effects  may  be  important  in  laser  induced 
etching  reactions. 

[1]  T.J.  Chuang,  Surface  Sci.  Reports  3,  1  (1983). 

[2]  T.J.  Chuang,  /  Vac.  Sci.  Technol.  21,  798  (1982);  Mat.  Res  Soc  Symp  Proc.  17, 
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Mechanism  of  Trimethylaluminum  Chemical  Vapor  Deposition 
Studied  by  Multiphoton  Ionization  Mass  Spectrometric 

Detection 

D.W.  Squire,  C.S.  Dulcey,  and  M.C.  Lin 
Chemistry  Division,  Naval  Research  Laboratory, 

Washington,  DC  20375-5000 

Recent  mechanistic  studies  of  organometallic  chemical 

vapor  deposition  (MOCVD)  have  suggested  that  organometallic 

cleavage  and  organic  radical  recombination  take  place  on  or 

above  the  heated  substrate.1  We  have  employed  the  method 

of  multiphoton  ionization  (MPI)  in  conjunction  with 

2 

conventional  mass  spectrometry  to  probe  radical  as  well  as 

stable  products  to  elucidate  the  mechanisms  of  CVD  processes. 

In  the  apparatus  used,  a  diffuse  beam  of  trimethylaluminum 

(TMA),  diluted  1:100  in  helium,  flowed  through  a  0.127  nun 

nozzle  and  impinged  on  a  heated  copper  substrate  10  mm  away. 

Products  and  unreacted  TMA  were  deflected  into  (30  mm  downstream) 

the  ionization  region  of  a  quadrupole  mass  spectrometer  modified 

.  2 

for  either  electron  or  photon  ionization.  The  surface  was  held 
at  45°  to  both  reactant  beam  and  quadrupole  axis.  Overall 
chamber  pressure  was  maintained  at  2.0  x  10~6  Torr.  Electron 
ionization  was  used  to  identify  products  formed  in  the  reaction 
and  also  to  check  the  MPI  results.  MPI  signals  were  generated 
by  doubling  the  output  of  a  Nd:YAG  laser  pumped  dye  laser  and 
focusing  the  resultant  beam  with  a  50  mm  f.l.  lens  into  the 
ionization  region.  Oxazine  720  laser  dye  (doubled)  produces 
the  wavelength  region  from  330-335  nm,  probing  the  two  photon 
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resonant  0°  band  of  the  methyl  radical  3p  Rydberg  transition."^ 

At  these  wavelengths,  TMA  is  photolyzed  and  the  aluminum 

4 

non-resonantly  ionized.  Therefore,  the  principal  laser 
products  seen  are  methyl  and  aluminum  ions. 

As  the  temperature  rose  above  350°  C,  the  methyl  radical 
peak  at  333.4  nm  began  to  appear  and  mass  27  (Al+)  ,  the  product 
of  non-resonant  ionization  of  scattered  TMA,  was  found  to 
be  the  only  other  laser  produced  mass  peak  of  any  signifi¬ 
cance  . 

Electron  ionization  was  used  to  probe  for  methane  or  ethane 
production  from  possible  radical  reactions  on  the  surface.  A 
methane  background  was  present  as  an  impurity  in  the  TMA  but 
no  change  in  methane  signal  level  was  observed.  Most 
importantly,  no  ethane  could  be  detected  under  all  conditions 
studied.  Accordingly,  no  recombination  of  the  methyl  radicals 
on  the  surface  appears  to  take  place  and  no  products  other  than 
the  methyl  radical  could  be  detected. 
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Thermal  Desorption  of  Methyl  Fluoride  from  Polycrystal line  Copper 

R.  Viswanathana,  I.  Hussla^,  D.R.  Burgess,  Jr.,  P.C.  Stair,  and  E.Weitz, 
Department  of  Chemistry,  Northwestern  University,  Evanston,  IL  60201. 
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b.  Present  Address  :  K- 33/281 ,  IBM  Research  Laboratory,  San  Jose, 

CA  95193 

Laser-induced  desorption  of  methyl  fluoride  from  a  polycrystalline 
copper  surface  has  been  achieved  by  either  direct  excitation  of  the 
*3  vibrational  mode  of  adsorbed  methyl  fluoride  using  a  pulsed  CO^ 
laser  at  10 fi  or  via  heating  of  the  copper  substrate  using  a  KrF 
excimer  laser  operating  at  248  nm.  We  have  previously  demonstrated 
that  at  ultraviolet  wavelengths,  the  reflectivity  of  copper  is  low 
enough  that  the  KrF  laser  pulse  of  200  mJ  deposits  enough  energy 
into  the  surface  to  desorb  CO  from  either  single  crystal  (100)  or 
polycrystalline  copper  [1].  Time-of-f 1 ight  (T0F)  spectra  have  been 
characterized  with  respect  to  the  CO  translational  velocity  as  a 
function  of  laser  power  density  and  CO  coverage  [2].  In  the  present  work, 
preliminary  results  of  such  measurements  are  presented  for  the  CH3F-Cu 
system. 

Copper  is  highly  reflective  in  the  10  jjm  spectral  region.  Thus,  CO^ 
laser  radiation  does  not  effectively  heat  the  copper  substrate  and  the 
laser  is  not  efficient  at  desorbing  molecules  thermally  from  the 
copper  surface.  However,  when  the  C0?  laser  output  is  tuned  to  the 
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FIGURE  1  :  Photodesorption  of  CH-jF  from  a  polycrystal  1  ine 
copper  surface  by  a  pulsed  CO2  laser. 

frequency  of  the  V3  mode  of  adsorbed  CH3F,  desorption  results  (Figure  1) 
Preliminary  results  indicate  that  selective  desorption  of  CH-jF  can  also  be 
achieved  in  a  mixed  CO/CH^F  adsorbate  system.  The  implication  of  these 
results  will  be  discussed,  specifically  in  the  context  of  results  for  two 
other  systems  -  CH^F-NaCl  and  NHj-Cu(lOO)  -  that  have  recently  been 
reported  [3,4]. 
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uantum  Model  of  Dephasinq-Enhanced  Laser  Desorption 
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Summary 


Existing  theories  of  laser-induced  and/or  phonon-assisted  desorption  are 
based  upon  one-dimensional  (ID)  surface  potential  analyses,  which  include  a 
truncated  harmonic  potential  (THP),  ID  Morse  potential  (IMP)  and  master  equation 
treatment  with  multiphonon  transitions  [1].  One  of  the  severe  limitations  of 
these  models  is  that  any  two-dimensional  (2D)  features  of  the  excited  adspecies 
are  completely  ignored,  causing  some  unrealistic  results.  For  example,  THP  over¬ 
estimates  the  transition  rate,  while  the  rate  is  underestimated  by  IMP.  In  the 
present  paper,  we  propose  a  qualitatively  correct  physical  model  which  is  able 
to  effectively  take  into  account  the  2D  features  by  introducing  a  dephasing  fac¬ 
tor  into  an  anharmonic  master  equation. 

The  dephasing  effects  of  a  realistic  adspecies-surface  system,  which  are 
usually  absent  in  ID  models,  may  be  caused  by  the  following  proposed  mechanisms 
[2]:  (i)  dephasing  of  the  active  dipole  of  the  adspecies;  (ii)  intramolecular 

mode-mode  coupling;  (iii)  fluctuations  of  the  conformation  of  the  adspecies; 

(iv)  librational  motion  and  rotational  relaxation  within  the  vibrational  mani¬ 
fold;  (v)  lateral  motion  or  migration-induced  collisional  broadening;  and  (vi) 
phonon- di spersi on- induced  broadening. 

In  a  heat-bath  model,  attention  is  focused  on  the  active  mode  (AM)  of  the 
adspecies,  and  a  master  equation  describing  the  vibrational  distribution  of  the 
AM  is  usually  investigated.  In  our  new  model,  which  is  particularly  appropriate 
for  admolecules  with  very  fast  intramolecular  relaxation,  all  the  intramolecular 
vibrational  modes  are  treated  on  an  equal  footing.  The  rate  equation  describing 
the  probability  of  the  adspecies  (as  a  whole)  absorbing  n  photons  is  given  by  [3] 
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where  R(t)  is  the  Rabi  frequency,  ”  =  ya/ 2  +  ^  Yj  and  >2  are  the  energy-  and 
phase-relaxation  rates,  and  A  and  ».  are  the  laser  detuning  and  anharmonici ty  of 
the  admolecule-surface  potential.  In  the  above  equation,  we  have  used  the  Mar¬ 
kovian  approximation  for  the  phonon  relaxation  and  the  Born  approximation  for 
the  density  matrix.  However,  several  features  of  this  equation  should  be  noted: 
(i)  it  reduces  to  the  usual  master  equation  only  when  y?  =  (random-phase  approx¬ 
imation),  i.e.,  our  rate  equation  preserves  the  partially  coherent  phase  of  the 
off-diagonal  density  matrix;  (ii)  the  absorption  cross  section  is  saturated  at 
the  high  excited  states  due  to  the  anharmoni ci ty ;  (iii)  the  energy-relaxation 
rate  (, ,)  describes  the  actual  energy  flow  from  the  excited  admolecule  to  the 
surface  phonons ,  while  the  phase-relaxation  rate  (y^j  only  changes  the  intramol- 

|  ecular  phases  without  changing  their  energy  populations.  Furthermore,  we  note 

that  in  the  multiphonon  treatment,  transitions  beyond  the  nearest  level  (NL)  are 
usually  not  required  in  photon-induced  desorption  where  dipole  (NL)  transitions 
dominate.  The  multiphonon  relaxation  of  the  excited  admolecule  is  governed  by 
Yj,  which  is  generally  strongly  temperature  dependent. 

I 


We  are  interested  in  the  desorption  rate  constant,  kn,  for  a  first-order 
desorption  process,  which  may  be  related  to  the  mean  first-passage  time,  t,  by 
kn  =  1/t.  Using  the  equation  of  the  previous  page,  we  can  calculate  t  (and  kn) 
f  rom 

n*  oo 

t  =  I  dtpn^^  * 

n=0  0  n 

where  n*  is  the  desorption  threshold  number  of  photons  absorbed  by  the  admolecule. 

The  numerical  results  are  shown  in  Fig.  1  for  the  effect  of  anharmonicity 
and  in  Fig.  2  for  the  effect  of  dephasing.  It  is  seen  that  the  desorption  rate 
constant  is  a  decreasing  function  of  the  anharmonicity  and  reaches  a  constant 
value  where  the  admolecule-surface  potential  is  highly  anharmonic  and  the  exci¬ 
tation  is  very  low,  i.e.,  Pn(t)  fc  0  for  n  *  0.  The  dephasing-enhanced  desorption 
is  shown  in  Fig.  2  in  which  there  is  an  optimum  value  of  Y2-  This  may  be  real¬ 
ized  by  the  fact  that  the  dephasing  relaxation  tends  to  compensate  the  anharmon¬ 

icity  "bottleneck"  effect.  In  conclusion,  we  remark  that  the  phase-relaxation 
rate  (>2)  may  compete  with  the  energy-relaxation  rate  (y^)  and  tends  to  diminish 
the  detuning  and  anharmonici ty.  In  a  complete  random-phase  treatment,  i.e.,  y~ 

=  00 ,  the  desorption  rate  is  underestimated.  The  proposed  dephasing  effects  due 
to  the  2D  features  of  the  adspecies-surface  system  which  enhance  the  desorption 
rate  may  provide,  at  least,  a  qual i tati vely  correct  physical  model. 

This  research  was  supported  by  ONR  and  AFOSR. 
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Laser-Stimulated  Vibrational  Excitation  of  an  Adspecies  Studied  by  a  Generalized 
Master  Equation. 

A.  C.  Beri  and  Thomas  F.  George,  Department  of  Chemistry, 

University  of  Rochester,  Rochester,  New  York  14627,  USA 

Introduction 

Recent  attempts  to  clearly  demarcate  selective  and  nonselective  effects  in  the  IR- 
laser-stimulated  vibrational  excitation  of  an  atom  or  molecule  adsorbed  on  a  solid 
surface1  have  included  a  number  of  model  studies2  and  a  few  that  have  examined  .the 
detailed  nature  of  the  individual  quantum  states  of  the  adsorption  potential. 3 The 
presence  of  at  least  four  time  scales  in  such  dynamical  studies  (experiment,  laser, 
phonon,  adbond)  leads  to  difficulties  in  applying  approximations  such  as  the  Markovian 
approximation  (MA)  which  neglects  memory  effects  in  the  generalized  master  equation 
(GME)  describing  the  excitation  Use  of  the  MA  leads  to  the  Pauli  master  equation  (PME) 
which  is  easier  to  solve  than  the  exact  GME,  and  is  therefore  almost  universally 
employed,  but  to  our  knowledge  no  realistic  comparison  has  been  made  of  the  GME  and 
the  PME.  We  present  below  our  results  of  the  exact  GME  and  the  PME  and  find  that  for 
the  few  cases  considered  the  two  are  drastically  different  in  an  (arbitrary)  time  range 
related  to  a  time  parameter  t  necessary  to  force  the  MA  in  the  first  place.  In  the 
asymptotic  (long  time)  limit  the  solutions  can  be  made  to  converge.  We  also  present  the 
results  of  an  approximation  which  gives  results  (for  any  time  range)  which  are  almost  as 
good  as  those  of  the  exact  GME.  but  which  are  as  easy  to  obtain  as  those  of  the  PME 

Theoretical  Formulation  and  Results 

In  a  quantum  statistical  formulation  of  the  Heisenberg  (or  equivalently,  Liouville) 
equations  of  motion  of  a  many-body  system,  the  process  of  protecting  out  the  degrees  of 
freedom  of  the  irrelevant"  svstem(s)  (phonons,  laser)  leads  to  a  GME.  i.e.  a  Volterra-type 
integrodifferentia!  equation  (VTE)  for  the  protected  density  matrix  of  the  relevant  system 
(the  vibrational  eigenstates  of  the  adspecies/solid  potential,  the  adbond) 

t 

ps(t)  =  Y  r dt  [KSS  (t-t  )Ps-(t  )  -  KS  S(t-t  )Ps(t  )1  (1) 

SO 

Here  Pg(t)  is  the  diagonal  matrix  element  of  the  protected  density  operator  in  the  basis 
representing  the  adbond  subspace  (in  our  case  the  wave  functions  representing 
eigenstates  of  the  effective  potential  between  the  adatom  and  the  solid),  and  the  memory 
kernels  Kss'(t~t')  involve  time  correlations  between  the  motions  of  different  lattice  atoms 
and  an  analogous  term  originating  from  the  laser  field  This  VTE  is  derived  from  the  GME 
by  invoking  the  Born  and  random-phase  approximations 

The  memory  kernel  can  via  an  appropriate  partitioning  of  the  Hamiltonian,  be 
separated  into  two  subkernels  due  to  the  phonons  and  the  laser,  respectively  The  exact 
form  of  the  former  precludes  analytic  solutions  of  the  VTE  We  have  found  it  possible, 
however,  to  obtain  numerical  solutions  of  Eq.  (1)  using  an  iterative  technique,  but  only  for 
times  of  the  order  of  a  few  periods  of  the  phonon  kernel  The  results  for  three  levels 
(S=0. 1 .3)  of  an  effective  Morse  potential  seen  by  a  mass  16  species  on  germanium  (with 
ooig  equal  to  ojq,  the  Debye  frequency,  and  0)31  equal  to  u>l.  the  laser  frequency)  are 
shown  in  Fig  1  We  see  that  in  the  transient  region,  this  arrangement  leads  to  absorption 
of  energy  by  the  adbond  from  the  laser  and  phonon  fields  at  the  same  time  The 
populations  of  levels  1  and  3  actually  cross  at  about  2  ps,  a  pattern  which  can  be 
expected  to  continue  and  lead  to  an  eventual  steady  state 

We  now  consider  two  approximate  solutions  of  Eq  (1)  The  phonon  kernel  is 
oscillatory  with  an  amplitude  which  falls  off  quite  rapidly  in  time  The  laser  part,  on  the 
other  hand,  is  constant  We  approximate  the  phonon  kernel  as  a  delta  function  and  write 


Kss(t-t')  =  f2ss-5(t-t  )  ♦  kss 


•  ‘.v  v-V 


(2) 


+lme  +  (ps) 


+!me  +  Cps) 


Fig.  1.  Population  of  levels  0,  1  and  3  Fig.  2.  Population  profile  of  the  system 


of  a  laser-pumped  adbond  as  a  func-  of  Fig  1  obtained  with  the  isomnesic 
tion  of  time  obtained  via  the  exact  and  Markovian  approximations 

and  isomnesic  GME. 


where  and  k  are  constants.  The  first  (phonon-)  term  is  Markovian-like.  but  the  second 
(laser-)  term  represents  a  constant  memory.  The  resulting  'isomnesic''  approximation 
gives  closed-form  solutions  of  Eq.  (1)  for  arbitrary  times.  The  agreement  between  these 
and  the  exact  results  (Fig.  1)  is  excellent,  with  the  population  crossings  and  flip-floppings 
reproduced  accurately.  The  Markovian  approximation  can  only  be  applied  if  we  introduce 
a  parameter  t  such  that  kss'  *  kgx6(t-t’).  The  resulting  population  profiles  then  depend 
on  the  value  of  x.  We  obtain  essentially  monotonic  behavior  with  the  MA.  in  contrast 
with  the  oscillatory  patterns  obtained  otherwise  The  steady-state  values  in  the  MA  can 
be  made  to  approach  the  exact  steady-state  values  if  x  is  chosen  to  be  much  smaller 
than  the  equilibration  time. 

In  conclusion,  we  have  shown  that  the  dynamical  behavior  of  the 
laser/adbond/phonon  system  can  be  studied  in  detail  for  arbitrary  times  by  using  the 
isomnesic  approximation,  and  that  in  the  transient  region,  interesting  and  unexpected 
patterns  of  energy  transfer  emerge  which  could  have  an  important  bearing  on  our 
understanding  of  ultrafast  laser-stimulated  surface  processes. 
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Direct  Laser  Pumping  of  Adatom-Surface  Vibrational  Modes 

Merle  E.  Riley 
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Dennis  J.  Diestler 
Purdue  University 
West  Lafayette,  IN  47907 

SUMMARY 

The  interaction  of  laser  radiation  with  chemical  species 
adsorbed  on  solid  surfaces  is  a  process  of  relevance  to 
v i br a t i ona 1 1 y  activated  desorption  and  other  reactive  processes. 
For  desorption,  photons  can  either  excite  an  internal  mode  of 
the  adsorbate.  A,  forming  A*  which  can  convert  to  translational 
motion  and  removal,  or  the  photons  can  directly  excite  the 
adspec ies-sur f ace  bond  A-S  above  the  dissociation  limit.  In  both 
cases  the  important  competing  process  is  vibrational 
deactivation  due  to  the  coupling  with  the  modes  of  the  solid 
lattice.  The  central  question  is  the  amount  of  energy  that  can 
be  localized  in  the  surface  bond  at  a  given  laser  intensity. 

Murphy  and  George  [1]  (MG)  introduced  a  classical 
one-dimensional  (ID)  model  for  laser-pumped  adatom-surface  bonds 
in  which  the  adatom  of  mass  ma  is  bound  by  a  harmonic  bond  of 
force  constant  k*  to  the  end  atom  of  an  atomic,  harmonic,  ID 
lattice  with  masses  and  force  constant  m  and  k.  The  classical 
laser  field  is  coupled  into  the  system  by  a  transfer  of  charge  q 
between  the  adatom  and  the  end  atom.  MG  calculate,  at  steady 
state,  the  intensity  required  to  maintain  a  given  surface  bond 
energy  when  the  laser  is  in  resonance  with  that  bond.  Goodman 
[2]  reexamined  the  MG  model,  but  found  a  different  result  for 
the  ratio  of  bond  energy  to  applied  intensity.  Goodman  proved 
that  the  minimal  intensity  vanishes  under  appropriate 
conditions,  which  means  that  an  arbitrarily  weak  laser  would 
eventually  cause  desorption. 

We  have  examined  the  MG  model  and  discovered:  (1)  the 
different  result  of  Goodman  is  due  to  a  modified  definition  of 
surface  bond  energy,  (2)  the  minimal  intensity  vanishes  exactly 
as  predicted  by  Goodman,  (3)  the  condition  for  vanishing  is 
easily  stated,  and  (4)  the  harmonic  bond  assumption  precludes 
applying  the  model  to  dissociation. 

As  the  MG  model  assumes  the  lattice  is  initially  cold,  the 
response  of  the  sem i - i nf i n i t e  lattice  can  be  solved  exactly  by 
Laplace  transforms,  Green's  functions,  or  the  Zwanzig  approach. 
Transients  are  ignored  and  the  steady-state  solution  to  the 
coupled  system,  consisting  of  applied  field,  adatom,  and 
lattice,  is  found  explicitly.  The  result  is  conveniently 
expressed  as  a  dimensionless  ratio  of  the  applied  laser 
intensity  I  to  a  quantity  I0  containing  the  average 
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excitation  energy  E  of  the  surface  bond, 

IQ  =  2ee0k  '  E/q^  . 

Obviously  the  degree  of  excitation  depends  linearly  on  the 
applied  intensity.  e0  is  vacuum  permittivity  and  c  the  speed 
of  light.  I/IQ  is  a  function  of  dimensionless  system 
parameters:  the  ratio  of  the  laser  frequency  w^  to  the  lattice 
Debye  frequency  wp,  the  ratio  of  w^,  to  the  surface  bond 
frequency  wg  ,  and  the  ratio  of  the  surface-bond  reduced  mass 
mg  to  the  lattice  atom  mass, 

ms/m  =  ma/ (ma+m)  . 

We  will  publish  the  result  and  its  derivation  shortly.  As  a 
function  of  increasing  wi_/wD,  I/I0  varies  downward  from 
unity,  has  a  minimum,  and  then  increases  without  bound.  An 
examination  of  the  expression  for  I/ID  reveals  that  it  has  a 
zero  for  a  minimum  if  and  only  if 

ws/wD  >_  ( 1  )  "  ^  * 

This  is  similar  to  the  condition  derived  by  Goodman  [2]  and  the 
interpretation  of  the  quantities  appears  simpler  to  us.  In  other 
words  the  surface  mode  must  lie  above  the  lattice  cutoff  and  be 
pumped  by  the  field  at  that  surface  mode  frequency  which  is 
shifted  from  the  isolated  bond  frequency  of  A-S  as  given  by 
ws. 

Evidently  the  procedure  of  MG  for  solving  the  steady  state 
problem  did  not  easily  reveal  the  presence  of  a  true  zero  in  the 
I/I0  function  when  near  the  minimum.  Goodman's  choice  of  a 
different  bond  energy  is  not  very  crucial  overall  because  his 
result  agrees  with  the  present  in  the  neighborhood  of  the  zero. 
The  solution  is  of  practical  importance  only  near  the  true  zero 
of  I/I0  because  of  the  very  intense  field  represented  by  IQ. 

It  is  important  to  emphasize  that  all  of  these  closed-form 
results  pertain  to  the  steady  state  and  depend  crucially  on  the 
assumption  that  the  surface  bond  is  harmonic  and  that  it  has 
only  one  degree  of  freedom.  In  reality,  the  surface-bond 
potential  energy  must  vanish  with  large  separation  and 
consequently  is  highly  anharmonic.  Even  if  the  ground  state  of 
the  A-S  bond  satisfies  the  condition  for  a  zero  in  the  I  / 1 0 
function  and  is  pumped  at  that  frequency,  the  excited  bond  will 
shift  in  frequency  to  the  red  and  eventually  drop  into  the 
sub-Debye-cutoff  region  where  it  is  rapidly  quenched  into  the 
lattice  modes.  Thus,  while  one  might  expect  efficient  pumping  of 
certain  types  of  high  frequency  adatom-surface  bonds  up  to  low 
bond  energies,  desorption  is  not  predicted  to  occur  unless  the 
laser  intensity  approaches  the  order  of  IQ. 

[1]  W.C. Murphy  and  T.F. George,  Surface  Sci.J_02,  L9  6,  (1981). 

[2]  F.O. Goodman,  Surface  Sci.  109,  391  (1981). 


Second  Harmonic  Generation  Spectroscopy  of 
Molecules  Adsorbed  on  Oxide  Surfaces 

N.  E.  Van  Wyck,  E.  W.  Koenig,  J.  D.  Byers,  Z.  Z.  Ho  and  W.  M.  Hetherington 
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The  observation  and  analysis  of  surface  second  harmonic  generation  (SHG) 
phenomena  by  Shen  and  coworkers  (1)  suggest  that  SHG  spectroscopy  is  an 
effective  interface  -  specific  approach  to  detecting  electronic  spectra  of 
surface  and  interfacial  species.  Since  SHG  is  only  possible  in  regions  lacking 
inversion  symmetry,  the  interface  between  two  such  materials  will  be  the  only 
source  of  an  SHG  signal.  If  a  dye  laser  beam  at  frequency  id  is  focused  upon 
this  interface  and  the  harmonic  at  2oi  is  monitored  as  the  laser  is  scanned  in 
frequency,  then  an  electronic  spectrum  of  interfacial  species  can  be  generated 
because  of  the  great  enhancement  of  the  second  order  susceptibility,  when 

2w  concides  with  an  electronic  transition.  In  this  way,  spectra  of  species  at 
solid-solid,  solid-liquid,  solid-vapor,  liquid-liquid  and  liquid-vapor 
interfaces  can  be  considered. 

A  surface  SHG  spectrometer  has  been  constructed  based  upon  a  dye  laser 
synchronously  pumped  by  a  frequency-doubled,  mode-locked  and  Q-switched  Nd:YAG 
laser.  An  important  feature  of  the  apparatus  is  a  computer-controlled  KDP 
crystal  which  is  used  to  frequency  double  a  small  portion  of  each  dye  laser 
pulse  for  accurate  normalization  purposes.  For  studies  of  vapor  phase  molecules 
adsorbed  onto  solid  surfaces  and  of  chemically  modified  surfaces,  a  high  vacuum 
environment  is  maintained.  Surfaces  are  cleaned  by  ion  sputtering  and  examined 
with  Auger  spectroscopy.  Better  resolution  of  the  vibrational  structure  of 
electronic  transitions  is  achieved  by  cooling  samples  to  77K. 

A  number  of  aromatic  molecules  such  as  fluorene,  carbazole  and  benzene 
derivatives  have  been  studied  on  Si02,  ZnO,  TiC>2  and  AI2O3  surfaces.  SHG 
spectra  in  the  UV  region  of  small  metal  clusters  on  SiC>2  surfaces  have  also  been 
observed. 

1.  C.  K.  Chan,  T.  F.  Heinz,  D.  Ricard  and  Y.  R.  Shen,  Fhys.  Rev.  B.,  27,  1965 
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Ultraviolet  (UV)  initiated  microchemistry  has  recently  emerged  as  a 
possible  new  technique  in  microfabrication  for  solid-state  electronic  applica¬ 
tions.1-3  Much  of  the  recent  research  has  centered  on  delineated  deposition 
of  metals  by  UV  photolysis.1*  One  intriguing  possibility  that  this  capability 
opens  up  is  that  of  selected  area  doping  in  conjunction  with  molecular  beam 
epitaxy  (MBE)  technology. 

In  brief,  the  proposed  selected  area  doping  scheme  consists  of 
(1)  MBE  growth  of  GaAs  epi layer  on  a  cleaned  GaAs  (001)  substrate,  (2)  adsorp¬ 
tion  of  several  monolayers  of  a  dopant  containing  molecule  on  the  epilayer 
surface,  (3)  UV  irradiation  of  selected  areas  of  the  wafer  for  photolytic 
decomposition  of  the  dopant  molecule,  (4)  thermal  desorption  of  the  nondecom- 
posed  doping  containing  molecule  from  the  unirradiated  areas  of  the  wafer,  and 
(5)  regrowth  of  GaAs  for  incorporation  of  the  dopant. 

However,  before  such  a  process  can  be  implemented  many  fundamental 
aspects  relating  to  basic  mechanisms  of  the  above  steps  must  be  clarified.  In 
this  paper  we  investigate  the  possibility  of  Sn  doping  of  MBE  GaAs  (001)  by  UV 
photolytic  deposition.  The  Sn  sources  evaluated  were  tetramethyltin  Sn  (CH3K 
and  stannic  chloride  SnCU.  The  adsorption  and  desorption  properties  of  these 
molecules  on  GaAs  (001)  were  studied  in-situ  in  the  MBE  system  by  Auger  elec¬ 
tron  spectroscopy  (AES).  The  Sn  dopant  incorporation  was  determined  by  elec¬ 
trolytic  capacitance-voltage  (C-V)  carrier  and  secondary  ion  mass  spectrometry 
(SIMS)  profiling.  The  UV  photodeposition  of  Sn  was  studied  by  x-ray  photo¬ 
electron  spectroscopy  (XPS). 

The  AES  studies  of  the  room  temperature  adsorption  of  tetramethyltin 
on  GaAs  (001)  showed  that  several  monolayers  of  the  molecule  were  adsorbed. 
Thermal  treatment  up  to  ~  300°C  did  not  have  much  effect  on  the  adsorbate.  At 
temperatures  above  this,  the  tetramethyltin  began  to  pyrolytical ly  decompose 
such  that  above  ~  520°C,  the  C/Sn  ratio  as  determined  by  AES  had  decreased  by 
a  factor  of  ~  4  while  the  Ga/As  and  Sn/Ga  ratios  remained  essentially  con¬ 
stant.  GaAs  was  regrown  on  this  surface  and  the  C-V  carrier  profile  exhibited 
the  exponential  profile  for  the  carrier  concentration  expected  from  Sn  incor¬ 
poration  from  the  surface.  In  separate  experiments,  UV  photolysis  of  Sn(CH3K 
with  either  Xe  or  Hg  radiation  over  etched  GaAs  surfaces  was  studied  ex-situ 
by  XPS.  XPS  showed  that  tin  films  which  were  highly  contaminated  with  carbon 
were  deposited. 

The  experiments  with  stannic  chloride  yielded  somewhat  different 
results.  The  in-situ  AES  measurements  also  showed  several  monolayer  adsorp¬ 
tion  at  room  temperature,  but  with  no  carbon  or  oxygen  contamination.  The 
Sn/Ga  ratio  at  ~  100°C  decreased  by  a  factor  of  ~  3  from  the  initial  room 
temperature  value  and  then  remained  constant  to  ~  580°C.  At  ~  300°C  the  SnCK 
had  been  pyrolyzed  with  no  Cl  detected.  Dopant  profiles  from  GaAs  regrowth 


over  this  surface  showed  that  Sn  was  incorporated  as  a  dopant.  XPS  measure¬ 
ments  showed  the  formation  of  tin  films  from  the  UV  photolysis  with  Hg  irra¬ 
diation.  Preliminary  measurements  from  thin  tin  films  indicate  that  some 
photochemical  etching  may  occur  at  the  interface  with  excited  chlorine  react¬ 
ing  at  the  surface  to  form  GaCl3. 

These  results  have  shown  that  (1)  MBE  GaAs  can  be  doped  with  a  vapor 
phase  source,  (2)  Sn  can  be  UV  photolytical ly  deposited  from  SnfCHsK  and 
SnCU,  (3)  Sn(CH3)i+  and  SnCK  to  a  lesser  extent,  pyrolyze  before  desorption, 
which  may  limit  their  practical  usefulness  in  a  selected  area  doping  process 
and  (4)  complicated  interface  interactions  occur  upon  adsorption,  desorption 
and  pyrolysis  which  must  be  understood  before  practical  applications  can  be 
undertaken. 

Acknowledgment 

This  work  was  supported  by  the  Army  Research  Office,  Research 
Triangle,  N.C. 


References 

1.  D.J.  Ehrlich,  R.M.  Osgood  and  T.F.  Oeutsch,  IEEE  QE  JT>_,  1233  (1980). 

2.  R.M.  Osgood,  Ann.  Rev.  Phys.  Chem.  _34_,  77  (1983). 

3.  D.J.  Ehrlich  and  J.Y.  Tsao,  J.  Vac.  Sci .  Technol .  B1 ,  969  (1983). 

4.  e.g.,  see  references  in  1-3. 


LARGE  MODIFICATION  OF  THE  SURFACE  ENHANCED  RAMAN  SCATTERING  OF 
PYRIDINE  ON  Ag  SURFACES  BY  Pd  SUBMONOLAYERS". 
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It  is  known  that  SERS  is  partially  due  to  localized  surface 
plasmons  and  consequently  can  be  only  observed  on  metals  supporting 
this  electromagnetic  excitation.lt  is  also  known  that  the  surface 
chemical  bonding  of  the  molecule  involved  on  the  Raman  process  is 
relevant  for  SERS. 

In  this  communication  we  investigate,  in  ultra  hight  vacuum, 
the  modifications  induced  by  Pd  submonolayers  on  the  SERS  of  pyridine 
on  quenched  or  island  Ag  films.  The  Pd  superficial  deposits  do  not 
modify  the  electromagnetic  properties  of  the  surface  but  only  the 
chemical  environment.  By  coadsorbing  Pd  with  pyridine  we  get  information 
about  the  chemical  part  of  SERS.  We  found  that  the  SERS  of  pyridine 
on  Ag  surfaces  is  strongly  reduced  by  very  thin  Pd  deposits.  For 
quenched  Ag  films  exposed  to  3  Langmuirs(uncorrected)  of  pyridine, 
the  SERS  intensity  is  reduced  by  a  factor  of  30  when  one  half  monolayei 
of  Pd  is  deposited  on  the  surface.  Not  appreciable  increasing  of 
the  Raman  signal  is  observed  when  the  surface  is  reexposed  to  pyridine 
We  present  results  showing  unambiguously  that  Pd  deposits  prior 
to  pyridine  exposures  destroy  the  surface  enhacement  characteristics 
of  the  free  Ag  surface.  Complementary  Auger  and  optical  investigations 
will  be  also  presented  and  the  nature  of  the  active  sites  discussed. 
Discussion  of  equivalent  experiments  for  fluorescence  of  dye  molecules 
will  be  also  presented. 


Doppler  Shift  Laser  Fluorescence  Spectroscopy  of 
Sputtered  and  Evaporated  Atoms  under  Argon  Ion  Bombardment. 

W.  Husinsky,  G.  Betz  and  I.  Girgis 
Institut  fur  Allgemeine  Physik,  Technische  Universitat  Wien, 

Karlsplatz  13,  A-1040  Wien,  Austria 

Doppler  Shift  Laser  Fluorescence  Spectroscopy  DSLFS  with  cw.,  single 
mode,  tunable  dye  lasers  is  an  excellent  tool  to  study  particles  released 
from  surfaces  during  the  interaction  of  atoms  and  ions  with  solids  /1, 2/. 
From  energy  distributions  of  sputtered  particles  obtained  by  DSLFS,  the 
mechanism  for  the  particle  release  can  be  derived  in  many  cases  /2, 3/. 

In  particular,  nonlinear  and  inelaitic  effects  in  sputtering  have  been 
investigated  extensively  in  recent  publications  /2,4,5/.  In  this  paper 
we  present  measurements  of  energy  and  state  distributions  of  Ca,  Cr  and 
Zr  atoms  released  from  the  respective  metal  targets  under  15  keV  Argon 
ion  bombardment.  The  influence  of  the  target  temperature  and  the  oxygen 
concentration  on  the  surface  has  been  studied. 

Recently  the  problem  of  nonlinear  effects  in  sputtering  at  high  target 
temperatures  has  caused  some  discussion  /6 , 7/ .  In  particular  the  question 
has  been  raised,  whether  Ion  Beam  Enhanced  Evaporation  exists  and  can 
lead  to  (in  some  cases  quite  reasonable)  enhanced  sputtering  yields.  If 
existing, additional  thermal  contributions  to  the  sputtering  yield  can 
easily  be  identified  in  the  energy  spectra  of  the  sputtered  atoms  as 
low  energy  peaks.  We  have  measured  the  energy  distribution  of  Ca  atoms 
from  room  temperature  up  to  about  250°C  and  for  Cr  atoms  from  room  tempera¬ 
ture  up  to  600°C  for  Argon  ion  bombardment.  Atoms  evaporated  at  higher 
temperatures  could  be  discriminated  against  those  due  to  ion  beam  bom¬ 
bardment  by  using  a  Lock-In  technique.  In  both  cases  no  incresed  sput¬ 
tering  yields  at  high  temperatures  could  be  observed.  The  energy  distri¬ 
butions  do  not  show  any  sputtering  contributions  but  elastic  cascades.  How¬ 
ever,  at  200°C  for  Ca  and  at  about  500°C  for  Cr  strong  evaporation  can  be 
observed.  The  energy  distribution  of  these  atoms  is  Maxwellian. 

The  influence  of  the  surface  composition  can  be  very  drastic  in  regard  to 
the  type, energy  and  state  distribution  of  sputtered  products  /2,4,5,8/. 


Impurity  free  surfaces  in  general  yield  sputtered  atoms  in  the  electronic 
ground  state.  The  contribution  of  excited  atoms  and  ions  is  below  5%.  For 
surfaces  with  oxygen  impurities  the  yield  of  excited  atoms  and  ions  can  be 
enhanced  up  to  one  order  of  magnitude.  Furthermore,  for  many  target  mater¬ 
ials  the  amount  of  sputtered  ground  state  atoms  is  strongly  reduced. 
Measurements  of  Cr  and  Zr  ground  state  atoms  are  presented.  Up  to  a 
certain  oxygen  concentration  the  yield  of  sputtered  ground  state  atoms 
is  relatively  constant.  Then  for  increasing  oxygen  concentration  a  drastic 
decrease  is  observed.  For  Cr  this  decrease  is  greater  than  a  factor  100. 
For  Zr  we  have  measured  the  ground  state  and  the  first  excited  level  of 
the  ground  state  multiplet.  Both  levels  show  a  decreased  population  at  in¬ 
creased  oxygen  concentrations  during  sputtering.  The  results  for  the 
sputtering  yields  of  these  discrete  levels  are  compared  with  measure¬ 
ments  of  the  total  sputtering  yield  of  the  metals  for  different  oxygen 
concentrations  on  the  target  surface. 
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ATOMIC-RESOLUTION  DYNAMICS  BY  ELECTRON  MICROSCOPY 


David  J.  Smith,  Center  for  Solid  State  Science  and  Department 
of  Physics,  Arizona  State  University,  Tempe,  AZ  85287,  USA. 

Latest  developments  in  high-resolution  electron  micro¬ 
scopes  (HREMs)  have  made  it  possible  to  obtain  localised  real- 
space  information  on  the  atomic  scale  which  has  resulted  in 
major  insights  into  many  important  materials  problems  C1J. 
The  HREM  technique  has  also  recently  been  shown  to  be  applica¬ 
ble  to  the  characterisation  of  surfaces  in  profile  and  initial 
surface  studies  of  gold,  catalysts  and  semiconductors  have  been 
very  interesting. 

Novel  and  unexpected  information  about  the  morphology  of 
gold  surfaces,  including  atomic  arrangements  and  rearrangements 
has  been  obtained.  After  removal  of  a  carbonaceous  surface 
layer  by  electron-beam-induced  etching  in  the  presence  of  water 
vapour,  the  (111)  surface  was  found  to  expand  outwards,  de¬ 
veloping  a  hill-and-valley  morphology  with  surface  dislocations 
also  visible  C23.  In  contrast,  the  (110)  surfaces  were 
generally  observed  to  be  microscopically  rough  whereas  surface 
features  on  (100),  Including  dislocations,  were  highly  mobile, 
particularly  in  the  presence  of  surface  steps  which  markedly 
influenced  the  overall  direction  of  surface  diffusion  C33. 

The  projection  method  has  also  been  applied  to  small  metal 
particles  (akin  to  those  found  in  heterogeneous  catalysts)  and 
direct  atomic  Imaging  of  a  reconstructed  metal  surface  has  been 
achieved  for  the  first  time  in  a  TEM  C43.  Surface  features 


including  steps,  facetting  and  surface  reordering  have  been 
imaged  in  catalytically  active  ferrite  spinels  C53  and  surface 
decoration  of  alumina  particles  by  columns  of  aluminum  atoms 
and  other  ruthenium  metal  clusters  has  also  been  demonstrated 
C63. 

Extensive  surface  rearrangements  were  also  observed  during 
studies  of  the  semiconductor  material  cadmium  telluride  C73 . 

o 

Although  these  studies  were  limited  in  resolution  to  about  3’2A, 
the  results  again  confirmed  that  the  profile  imaging  technique 
has  great  potential  for  characterising  the  surfaces  of  semicon¬ 
ductors.  Note  that  these  are  of  particular  interest  since  it 
is  already  known  from  other  techniques  that,  compared  to  bulk 
structure,  many  semiconductors  have  different,  or  "recon¬ 
structed"'  surface  structures.  However,  it  should  be  appreci¬ 
ated  that  improvements  in  specimen  cleanliness  and  general  EM 
vacuum  will  probably  be  required  before  useful  quantitative 
information  can  be  obtained. 
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Excimer  Laser  Etching  and  Oxidation  of  Silicon 

Y.HORIIKE,  M.SEKINE,  K.HORIOKA,  T.ARIKADO,  M.NAKASE  AND  H.OKANO 
Toshiba  VLSI  Research  Center, 

Komukai -Toshibacho  1,  Saiwaiku,  Kawasaki,  Japan 


In  previous  report,  an  anisotropic 
etching  of  undoped  poly-Si  by  a  Hg-Xe 
lamp  or  a  XeCl  excimer  laser  in  a  Cl^ 
gas  was  demonstrated.  However,  n* 

Poly-Si,  which  is  currently  used  as  a 
gate  material  in  MOS  devices,  is  etched 
isotropically  by  photo-dissociated  Cl 
radicals(l).  For  the  LSI  application, 
the  anisotropic  etching  for  n  Poly-Si 
should  be  also  achieved. 

A  XeCl  excimer  laser  (^08nm)  is 
irradiated  normally  to  the  n  poly-Si 
sample  which  is  set  in  a  vacuum  chamber 
introduced  by  a  Cl~+Si (CH~ )4  mixture 
gas.  The  colli  si onal  reaction  between 
Cl*  and  Si(CH~).  dissociates  the 
Si(CH3)4  gas  to  ^deposit  a  nonvolatile 
film  on  the  surface.  On  the  other 
hand,  the  surface  consisting  of  the 
film  over  the  poly-Si  is  etched  by  the  laser  irradiation.  Thus,  the  film 
remains  on  the  etched  sidewall  to  protect  the  Cl  radical  attack.  Figure  1 
shows  variations  of  etch  rates,  deposition  rates  and  etched  features  as  a 
function  of  Cl~+Si (G-L) .  total  pressure.  With  increasing  total  pressure, 
both  rates  increase  ana  The  undercutting  is  reduced.  At  30  torr,  the  aniso¬ 
tropic  feature  is  attained  successfully.  Then,  the  deposition  occurs 
rapidly,  in  contrast  with  the  etch  rate  drop.  The  etch  rate  ratio  of  poly- 
Si  to  underlying  SiO-  is  infinite  in  this  method.  It  offers  an  advantage 
for  submicron  VLSI  with  very  thin  gate  oxide(2). 

The  radiation  damages  induced  by  ArF  and  XeCl  laser  irradiations  were 
also  investigated  using  MOS  capacitors.  The  ArF  l+aser  was  irradiated  only 
after  the  down-flow  type  plasma  etching  (CDE)  of  n  poly-Si.  The  ArF  irra¬ 
diation  indicates  considerably  larger  flat-band  voltage  shift  after  the 
charge  injection  than  that  in  both  XeCl  and  CDE.  The  ArF(6eV)  damage  may  be 
due  to  the  0-H  bond  breaking  by  a  light  invading  into  the  oxide  from  the 
periphery.  Hence,  various  higher  energy  photon  effects  to  the  devices  have 
to  be  noted. 

In  the  cource  of  the  single-Si  etching  study  under  the  XeCl  excimer 
laser  in  a  C1-  gas,  the  oxide  film  growth  on  the  Si  surface  has  been  found 
when  a  0-  gas  is  added  to  the  Cl-  gas.  The  photo-oxidation  does  not  take 
place  until  the  native  oxide  is  removed  by  a  BHF  solution.  Therefore,  the 
Si  surface,  which  is  not  masked  by  the  thermally  grown  oxide,  is  easily 
oxidized.  The  Auger  analysis  of  this  film  demonstrates  a  stoichiometric 


Fig.l  n  poly-Si  etch  rate  and 
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C +Si (CHj)^  total  pressure. 
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Figure  2  shows  variations  of  Si  Totol  Pressure  (Torr) 

(100)  etched  depth,  Si02  growing  thick-  30  60  no  20  so 

ness  and  photo-oxidizea  features  as  a  P 

function  of  02  pressure  at  250°C.  With  20  5,01  Mo*\  Photo o^dgd  ^ 

increasing  of  pressure,  the  Si  etch  ~V-  \ 

rates  decrease,  while  the  Si  substrate  IK  4.  u~  » 

is  photo-oxidized  rapidly.  The  result  -  15  \  P=  03  * 

suggests  that  the  Si  etching  products  f  \  =\_  /  V  | 

become  the  SiO„  source.  On  the  other  ^  l0  V~/  \  *  02  *- 

hand,  although  ^the  photo-oxidation  was  1  •  \/  \  | 

tried  employing  SicL+Oj+Clp,  the  oxi-  £  | 

dation  rate  more  th3n  ‘bA/nrin  was  not  05  °\  01  6 

obtained.  Thus,  the  unsaturated  Si  °\ 

chlorides  of  SiCl  (x=l~3)  are  presumed  0L, _  1 

to  have  more  active  chemical  reactivity  0  20  50K»200500 

than  the  stable  Si  Cl  - .  Since  the  o2  Portioi  Pressure  (Torr  1 

adequate  oxygen  pressurl  leads  to  the  Fig.2  si(100)  etched  depth.  Si 
sucessfully  buried  oxide  to  the  Si  photo-oxidized  thickness  and 
substrate,  the  method  is  expected  as  a  their  crosssections  vs.  0o 

re w  field  isolation  technique.  How-  partial  pressure  ‘ 

ever,  che  BHF  etch  rate  for  the  present 

oxide  even  after  800°C  annealing  is  4  times  faster  than  that  for  the  thermal 
Si0o.  The  film  structure,  which  is  assumed  to  be  porous,  should  be  improved 

(3)': 

Recently,  in  order  to  realize  the  pattern  transfer(4),  the  small -scaled 
reflective  type  optical  system  has  been  developed  as  shown  in  Fig. 3.  The  NA 
value  of  this  system  is  0.17.  A  XeCl  _  .  _ 

laser  coherency  is  reduced  by  a  flyeye  "s7,™m0n  ,CMo“  *  "*  c°  *'  " 

lens.  The  image  pattern  is  not  scaried.  -  ,  « 

In  the  resist  patterning,  the  1.2pm  „  1  PP>r  •  \ 

resolution  can  be  attained  at  10  sec.  — » -  c,»  W  ' " 

exposure  time  (80  pulses).  At  present,  E«cm»r  low  “  '* 

a  fine  resistless  etching  of  poly-Si  is  F  1  *  / 

not  be  obtained.  Problems  related  to  J_ 

the  optical  system  and  the  low  contrast  . 

due  to  the  present  low  reaction  rate  ^ocuum 
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Fig. 2  Si (100)  etched  depth.  Si 
photo-oxidized  thickness  and 
their  crosssections  vs.  0? 
partial  pressure.  i 
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Fig. 3  Perkin-Elmer  type 

reflective  optical  pattern 
transfer  system. 
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EFFECTS  OF  OPTICAL  PROPERTIES  ON 
WET  ETCHING  OF  SEMICONDUCTORS 


D.V.Podlesnik,  H.H.Gilgen,  CJ.Chen  and  R.M.Osgood Jr. 

Department  of  Electrical  Engineering 
Columbia  University  ,New  York,  N.Y.  10027 

Many  laser  microchemical  processes,  for  example,  metal  photodeposition 
and  semiconductor  annealing,  are  influenced  by  a  surface  electromagnetic 
field  which  results  from  the  interaction  of  the  incident  light  with  the 
surface.  This  effect  has  not  been  extensively  documented  in  laser  etching 
of  semiconductors.  In  this  talk,  we  will  show  that  such  effects  can  play  an 
important  role  in  determining  the  etch  profile  and  surface  structure 
obtained  from  wet  etching  of  semiconductors.  In  particular,  the  formation 
of  surface  ripples  and  the  fabrication  of  high-  aspect-ratio  via  holes  will 
be  discussed. 

As  reported  earlier',  257-nm  light  initiates  a  rapid  etching  of  GaAs  by 
generating  nonthermalized  holes  in  the  semiconductor.  The  UV  photon 
induces  an  electron  transition  in  the  X-band  edge  of  the  Brillouin  zone 
which  creates  the  hot  holes.  This  transition  also  changes  the  optical 
properties  of  the  crystal;  at  this  wavelength  the  GaAs  surface  then  acts 
like  a  metal2.  A  similar  optical  behavior  has  been  observed  for  other 
semiconductors  with  zinc-blende  and  diamond  crystal  structure,  eg.  Si 
and  inP. 

Ripple  morphologies  have  been  observed  in  many  laser-driven  processes. 
We  observed  the  formation  of  surface  ripples  on  Si ,  GaAs  and  InP  during 
laser-induced  wet  etching,  at  a  power  density  <lkW/cm2.  As  Fig.  I 
demonstrates  for  Si  etched  in  a  dilute  HF  solution,  the  ripples  are 
well-defined  and  pronounced.  In  all  cases,  including  the  ripples  in  GaAs 
and  InP,  the  characteristic  grating  structure  of  0.2  pm  is  aligned 
perpendicular  to  the  direction  of  laser  polarization.  The  ripple  formation 
can  be  explained  by  the  plasma  oscillation  model3  . 

In  the  second  part  of  this  talk,  we  will  discuss  the  influence  of  the  optical 
characteristics  of  the  semiconductor  on  the  formation  of  via  holes  in  GaAs 
and  Si.  Deep-UV  laser  etching  permits  micrometer-wide  vias  through  a 
100-200pm  wafer.  The  remarkable  feature  of  these  vias  is  their  high 
aspect  ratio  and  perfectly  vertical  walls  Study  of  the  via  hole 


development  during  etching  showed  that  the  etch  rate  increases  ~4  times 
at  a  depth  of  -  5pm.  Experiments  which  include  measurements  of  the 
polarization  and  intensity  of  the  transmitted  light  as  a  function  of  the 
hole  diameter  indicate  that  the  vias  behave  like  a  metallic  hollow 
waveguide.  This  effect  can  be  related  to  the  ultraviolet  optical  properties 
of  GaAs  and  Si. 


1 )  D.V.  Podlesnik ,  H.H.  Gilgsn,  and  R.M.  Osgood,  Jr. ,  Appl.  Phys.  Lett.  4S  ,563(1 984). 

2)  H.R.  Phillip  and  H.  Ehrenreich .  Phys.  Rev.  1 29 . 1 550  ( 1 963). 

3)  S.R.J.  Brueck  and  D.J.  Ehrlich,  Phys.  Rev.  Lett.  48 , 1678  ( 1982). 
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A  COMPARISON  OF  THEORY  AND  EXPERIMENT 

J.  A.  Goidstone  ana  S.  D.  Allen 
Center  for  Laser  Studies,  University  of  Southern  California 

Los  Angeles,  CA  90089-1112 

The  deposition  rate  and  deposit  resolution  in  laser  cnemical 
vapor  deposition  vLCVD)  and  other  laser  induced  chemical 
processes  at  surfaces  are  a  function  of  a  large  numDer  of 
variables  including:  the  laser  generated  surface  temperature 
profile.  tne  local  reactant  concentrat ion  distribution,  tne 
substrate  and  deposited  film  characteristics  and  the  reaction 
kinetics.  Most  laser  generated  temperature  profile  calculations 
to  date  nave  assumed  steady  state  behavior  ana/or  neglected  the 
nommear  temperature  dependent  thermal  properties  of  the 
substrate.  In  addition,  most  theoretical  models  negiect  the 
changing  surface  reflectivity  as  *•  he  film  is  deposited. 
Equilibrium  caicuiat  ions,  wine  useful  for  man  t.nermal 
conductivity  materials  sucn  as  bi  ana  metais,  are  inadequate  for 
low  thermal  conductivity  materials  such  as  tuaeo  quartz  wnere 
char acter ist ic  reaction  times  are  considerably  shorter  tnan  the 
time  necescarv  to  reach  thermal  equilibrium. 

We  nave  created  a  numerical  integration  scheme  which  treats 
tne  dynamic  behavior  01  thermal iy  driven  laser  processes  such  as 
laser  CVD,  etching.  damage  ana  annealing.  Included  m  tne  moaei 
are  a  substantial  number  01  experimentally  significant 
parameters.  The  input  intensity  aistriDution  may  nave  an 
arbitrary  spatial  variation  and  the  substrate  may  have  either  a 
finite  or  sem 1  -  1 nf : n 1 te  thickness.  SuDstrate  thermal  parameters 
•ire  iocallv  t emper ature  dependent  and  are  modelled  to  match 
experimentally  determined  substrate  characteristics.  Tne  surface 
reflectivity  1110 .  therefore,  trie  energy  absorbed  from  tne  laser, 
is  a  function  of  the  locally  oeDositea  film  thickness.  The 
deposition  thickness  oroti-e,  in  turn,  is  obtained  by  integration 
of  the  temperature  dependent  deposition  rate. 

Tne  model  produces  surface  and  depth  temperature 
distributions  as  well  inm  thickness  profiles  as  functions  of 
time.  An  example  01  our  results  for  the  temperature  distribution 
obtained  in  Ni  LCVD  from  Ni(C0>4  on  fusee  quartz  substrates  witn 
a  cw  gaussian  input  beam  is  given  m  Fig.  i.  The  flattening  of 
the  surface  temperature  distribution  is  due  to  tne  increase  in 
reflectivity  of  the  centra-  portion  of  the  irradiated  area  as  tne 
film  is  deposited.  As  shown  in  the  Fiq  lb.,  the  on-axis 
temperature  ultimately  declines.  The  effects  of  a  soatiaiiy 
dependent  reactant  concentration,  wnicn  would  tend  to  decrease 
ana  broaden  the  deposition  thickness  profile,  nave  been  neglected 
in  tnese  initial  results. 

Experimental  deposition  initiation  time  and  rate  were 
determined  as  a  function  of  irradiation  time  and  intensity  using 
optical  monitoring.  Tne  thickness  of  metai  films  deposited  on 
fused  quartz  substrates  using  a  COp  laser  neat  source  was 


measured  using  a  collinear  He-Ne  beam  as  a  thickness  monitor. 
Using  the  Fresnell  equations,  the  deposition  rate  as  a  function 
of  time  was  calculated  from  the  measured  transmission  curves. 
After  the  laser  is  turned  on,  no  deposition  takes  place  until  the 
surface  reaches  the  minimum  deposition  temperature.  The 
deposition  rate  increases  up  to  a  film  thickness  of  approximately 
50  k,  where  significant  laser  energy  is  being  reflected. 

A  comparison  of  theoretical  and  experimental  results  will  be 
presented  for  a  number  of  aubstratea  and  f ilm/aubstate 
combinations.  In  addition  to  the  prediction  of  deposition  rates 
and  deposit  or  etching  resolution,  such  comparisons  should  allow 
a  more  accurate  determination  of  material  parameters,  e.g., 
substrate  absorptivity  and  heterogeneous  reaction  kinetics. 

This  work  was  funded  in  part  by  the  Department  of  Energy  (Basic 
Energy  Sciences)  and  Kodak  Corporation. 
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Fig.  1.  Temperature  of  Ni/Si02  surface  for  an  incident  laser 
power,  P  =  1  W;  Di/e  =  300  yum.  a)  Surface  temperature  distribu¬ 
tion  as  a  function  of  irradiation  time  with  Ni  deposition, 
b)  Axial  surface  temperature  with  (Ni/Si02>  and  without  <Si02> 
deposition . 
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